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ABSTRACT

SIMULATION AND PERFORMANCE EVALUATION OF A FAST AND
HIGH POWER PULSED LASER DIODE DRIVER FOR LASER RANGE
FINDER

ALTINOK, Yahya Kemal
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. ismet ERKMEN

June 2012, 140 pages

Laser Diodes (LDs) are semiconductor coherent lightening devices which are
widely used in many fields such as defence, industry, medical and optical
communications. They have advantageous characteristics such as having higher
electrical-to-optical and optical-to-optical conversion efficiencies from pump
source to useful output power when compared to flash lamps, which makes them
the best devices to be used in range finding applications.

Optical output power of lasers depends on current through LDs. Therefore, there
is a relationship between operating life and work performance of LDs and
performance of drive power supply. Even, weak drive current, small fluctuations
of drive current can result in much greater fluctuations of optical output power

and device parameters which will reduce reliability of LDs.

In this thesis, a hardware for a fast and high power pulsed LD driver is designed
for laser range finder and is based on linear current source topology. The driver is
capable of providing pulses up to 120A with 250us pulse width and frequencies
ranging from 20Hz to 40Hz. It provides current pulses for two LD arrays
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controlled with a proportional-integral (P1) controller and protect LDs against

overcurrents and overvoltages.

The proposed current control in the thesis reduces current regulation to less than
1% and diminishes overshoots and undershoots to a value less than 1% of steady-
state value, which improves safe operation of LDs. Moreover, protection
functions proposed in the thesis are able to detect any failure in driver and

interrupt LD firing immediately, which guarantees safe operation of LDs.

Keywords: Pulsed Laser Diode Driver, Linear Current Source Topology, Pl
Controller, Laser Range Finder, Industrial Control, safety of Laser Diodes,
Protection of Laser Diodes against overcurrent and overvoltage



Oz

LAZER MESAFE OLCUCU ICIN HIZLI VE YUKSEK GUC CIKISLI,
DARBELI BiR LAZER DiYOT SURUCUNUN BENZETIMI VE BASARIM
DEGERLENDIRILMESI

ALTINOK, Yahya Kemal
Yiksek Lisans, Elektrik Elektronik Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. ismet ERKMEN

Haziran 2012, 140 sayfa

Lazer diyotlar savunma, sanayi, tibbi, optik haberlesme gibi alanlarda yaygin
olarak kullanilan uyarilmis elektronlarin emisyonu g¢alisma prensibine dayanan
uyumlu aydinlatma cihazlaridirlar. Flag lambalarla kiyaslandiklarinda elektrikten
optige olan yiiksek verimlilik ve pompa kaynagindan yararli 151k giicline olan
optikten optige yuksek doniisim verimlilik gibi avantajli 6zellikleri olup, bu
ozellikler lazer diyotlar1 mesafe Olgme uygulamalarinda en 1iyi cihazlar

yapmaktadir.

Lazerlerin optik ¢ikis1 giicli lazer diyotlar iizerinden akan akima baghdir. Bu
nedenle, lazer diyotlarin ¢aliyma Omrii ve ¢alisma performansi ile siiriicii glig
kaynaklar1 performansi arasinda bir iliski vardir. Zayif siiriicii akimi, stiriicii
akimindaki kiiciik dalgalanmalar dahi, lazer diyotlarin giivenli ¢aligmasina zarar
verecek optik cikig giliciinde ve cihaz parametrelerinde yiiksek dalgalanmalara

sebep olabilir.
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Bu tez ¢alismasinda, lazer mesafe Olceri icin tasarlanmis ve dogrusal akim
kaynag1 topolojisine dayali olan hizli ve yliksek gii¢ darbeli lazer diyot siiriicii icin
bir donanim gelistirilmistir. Stiriicii 250us darbe genisligi ve 20Hz’ ten 40Hz’ e
kadar darbe frekansi araliginda, 120A’ e kadar darbeler saglayabilmektedir.
Dogrusal akim kaynagi, oransal-integral (Pl) denetleyici ile kontrol edilen iki
lazer diyot dizisi i¢cin akim darbeleri saglamakta ve bu lazer diyotlar1 agir1 akim ve

asir1 gerilime kars1 korumaktadir.

Tezde One suriilen akim kontrolii, akim regulasyonunu %1’ in altina diisiirerek ve
asir1 ve diisiik diyot akim degerini olmasi gereken sabit akim degerinin %1’ den
daha disiik bir degere indirerek lazer diyotlarn giivenli c¢aligmasini
gelistirmektedir. Ayrica, tezde one siirillen koruma fonksiyonlarmin sirictideki
herhangi bir hatay1 tespit edebiliyor ve lazer diyot ateslemesini aninda kesebiliyor

olmasi lazer diyotlarin glivenli caligmasini garanti etmektedir.

Anahtar Kelimeler: Darbeli lazer diyot siiriicii, Dogrusal akim kaynagi
topolojisi, oransal-integral (P1) Denetleyici, Lazer Mesafe Olger, Lazer Diyotlarin

giivenligi, Lazer Diyotlarin asir1 akim ve asir1 voltaja karsi korunmasi
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CHAPTER 1

INTRODUCTION

Laser diodes (LDs) are very sensitive semiconductor coherent lightening devices
to any small fluctuations in current. Thus, the performance of the LD driver is
very critical for the performance of LDs. Because of this reason, instead of
traditional power supplies it is essential to provide robust-current controlled diode

driver.

The objective of the thesis is to find an appropriate control method to provide
appropriate current pulses for high power pulsed LD series. The motivation is to
develop a high power pulsed LD driver using two LD arrays, each of which
comprises five Nd:YAG type LDs with a manufacturer part number - Lasertel LT-
5500-01-1264. The high power pulsed laser diode driver will be used in laser
target acquisition and range finder unit of ASELPOD Thermal Imaging System
which is developed by ASELSAN Incorporation of Turkey. The specifications of
the LD - Lasertel LT-5500-01-1264 are shown in Figure 1-1.

According to specifications of the LD and requirements of the project, the high
power LD driver has to provide current pulses with a peak value of 120A for LD
series. The peak value of the current has to be adjustable by the control circuitry
of the driver within the ranges of 90A to 120A. The width and frequency of the
current pulses has to be nominally 200us and 20Hz, respectively. These
parameters also have to be adjustable within the ranges of 200us to 250us and
20Hz to 40Hz, respectively by the control circuitry. Because LDs are very
expensive and vulnerable to failure, all necessary precautions have to be taken by

LD driver. The current pulses should increase and decrease monotonically during
1



rise and fall periods, respectively. The overshoot and undershoot observed during
rise and fall period of current pulses shouldn’t be more than 1% of steady-state
value. Moreover, rise and fall times of the current pulses shouldn’t be more than
10ps to maintain high electrical-to-optical power conversion efficiency.
Furthermore, fluctuations on steady-state value of current pulses should be
minimized. In fact, the driver should provide a current regulation within 1% of

steady-state value.
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Figure 1-1. Lasertel LT-5500-0-1264 performance specifications [1].

In addition to LD current requirements, the driver has to have a digital
communication interface with laser target acquisition and range finder unit to
adjust the properties of the load current. In other words, this unit manages the LD
driver by giving instructions and this can be achieved via a communication

protocol between the driver and the system. Hence, it is obligatory for the driver



to utilize an intelligent 1C such as a programmable IC to maintain communication

between the driver and the system.

Electrical output of the LD driver stimulates the electrons in LDs in the system.
Optical output of these LDs are used to stimulate the electrons in lasers which are
also available in the target acquisition and range finder unit. After stimulation of
the electrons, Q switch of these lasers are turned on to release the stored energy.
Resultant radiation is used to measure the distance of the target and detect the
target. Figure 1-2 shows the simplified block diagram of the laser target

acquisition and range finder.

A
LASER TARGET “ Laser
LD DRIVE CURRENT
ACQUISITION AND -« > LD DRIVER CURRENT < Diode
RANGE FINDER UNIT Array
‘l

/

Q SWITCH CONTROL

|

STIMULATION OF
ELECTRONS IN LASER

v

Q SWITCH

A

TARGET ACQUISITION
AND RANGE FINDING

Figure 1-2. Block diagram of the laser target acquisition and range finder.

The current LD drivers are grouped mainly into two categories: switch mode
power supply (SMPS) solution and linear current source circuit [2]. As it is
understood from the name - SMPS solution, the current LD drivers with SMPS
solution use the power supply topologies as the power sources for LDs. However,
switch mode power supplies are standard DC/DC converters. Therefore, they
cannot directly be used for providing current for LDs. In fact, current sources
utilizing SMPS solutions are transformed from voltage sources to current sources.

For example, the design of lan D. Crawford utilizes buck converter topology [3].

3



As it is known, a buck converter is a step-down DC to DC converter using an
inductor, a capacitor, a diode and a transistor to reduce the voltage of a DC supply
efficiently. However, this converter is transformed to a current source for LDs by
utilizing inductor as an energy storage element to provide current pulses for LDs.
Moreover, some authors used buck converter topology in a different way. For
instance, the design of Hu Chunsheng, Qin Shigiao and Wang Xingshu utilizes
capacitor as an energy storage element to provide current pulses for LDs [4]. In
addition, Joe A. Ortiz designed a current controlled quasi resonant buck converter
to provide current pulses for LDs and LEDs [5]. Furthermore, the design of R.
Arya, M.J. Thomas, A.G. Bhujle and D.D. Bhawalker is also based on buck
converter topology utilizing pulse width modulation (PWM) to provide
appropriate current waveforms for pulsed loads [6]. Besides, the design of A.
Sharma, C.B. Panwar, R. Arya and A.K. Nath utilizes double switch forward
converter topology with PWM as SMPS solution [7]. In these topologies,
basically, the energy storage elements like inductors and capacitors used in power
source networks provide appropriate current pulses with required pulse width and
frequency for LD series. On the other hand, the work principle of linear current
source is based on sensing the current floating through the LDs and obtaining the
desired current value by means of appropriate control algorithms. The design of
lan D. Crawford and Miguel Morales and the design of Ravindra Singh, Nishma
Dangwal, Chandraprakash, Lalita Agrawal, Suranjan Pal and J.A. Kamlakar
utilize linear current source circuit [8], [9]. In the thesis, the linear current source
topology is used because it is difficult to achieve either smooth waveform of
current pulses or low rise and fall times with SMPS solutions. The shape of the
pulse almost depends on the values of the determined components in SMPS
solutions. On the other hand, the linear current source topology has the flexibility
of determining the level and the shape of the current pulses and it is easier to meet
the LD current requirements with a proper control algorithm in linear current

source topology

Following a discussion of the proposed different circuit topologies, this thesis
illustrates the design and test results of a pulsed laser diode driver. The results are

compared with other LD drivers.



The proposed pulsed LD driver utilizes a linear current source topology. The
contributions of the thesis are to design and implement a high power LD driver
using a Proportional-integral (PI) controller and to add protection circuits to
protect the LD series. The controller adjusts the amplitude, duration and
frequency of the current pulses through the LD series. The thesis also includes the
comparative performance analysis of theoretical results and experimental results
of the LD driver designed and implemented in the thesis. It is also shown in the
thesis that the use of Pl controller has increased the robustness and the
performance of the driver as expected compared to PID and P controllers.

This thesis totally consists of 5 chapters. The remainder of the thesis is organized

as follows.

Chapter 2 includes various types of pulsed LD driver topologies that exist in the
literature. Basic work principles, strengths and limitations of each topology are

both quantitatively and qualitatively analyzed.

Chapter 3 presents the proposed pulsed LD driver and includes theoretical design

issues.

Chapter 4 presents the test results of the proposed and implemented LD driver.
Moreover, the robustness, sensitivity and comparative analysis of the design are

covered.

Finally, the thesis is concluded with the suggestions on possible improvements in
the proposed method as a future work in Chapter 5.



CHAPTER 2

LITERATURE SURVEY

We first present some brief information about pulsed LD drivers that exist in the
literature.

2.1 Switch Mode Power Supply (SMPS) Solutions for High

Power Pulsed LD Driver
2.1.1 Discharging Inductor Solution

2.1.1.1 Description of the Design

The design of lan D. Crawford utilizes buck converter topology which provides
current pulses for multiple number of LD series [3]. It comprises a storage
capacitor, a LD array as the load, a series energy storage inductor between the
storage capacitor and the LD array, flyback diode, a shunt switch connected
across the terminals of the LD array and a series switch between the LD array and
current sense network as shown in Figure 2-1. The switches which are named as
S1 and S2 in Figure 2-1 may be power semiconductors such as MOSFETSs or

insulated gate bipolar transistors (IGBTS).
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Figure 2-1. Schematic of the LD driver with discharging inductor solution while both
switches — S1 and S2 are turned on.

Basically, energy is transferred to the LD array through series energy storage

inductor from the input power source by turning on and off the switches properly.

In one period of operation, both shunt switch and series switch are turned on as
shown in Figure 2-1 to short out the load and to generate current in the inductor

just prior to the laser pulse. The current builds up in the inductor as shown in

Figure 2-2.

\

- At —»
Figure 2-2. Waveform of the inductor current while both switches are turned on.

For a constant input voltage, the current through the inductor can be calculated as

[3]:

Aiy = “Ex Aty (2.1)



since the voltage drop across the terminals of the storage inductor can be
considered to be almost equal to input voltage by neglecting the voltage drop

across the terminals of the switches and the current sense element.

The current sense network measures the current flowing through the series
inductor. When it reaches required value, the shunt switches is turned off as in
Figure 2-3 (a). Since current flow in an inductor cannot change abruptly, the
current continues to flow into the load. During this time, for a constant source and
load voltages, current waveform through the series inductor becomes as in Figure

2-3 (b). Furthermore, load current becomes equal to inductor current [3].
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Figure 2-3. (a) Schematic of the LD driver with discharging inductor solution while current

flowing through the LD load, (b) Waveform of the inductor current and the LD load current

during pulse.

Reduction in the current can be calculated as:



To end the pulse, the shunt switch is turned on and the series switch is turned off
simultaneously as shown in Figure 2-4 (a). As a result, current through the load is
diminished immediately through the shunt switch across the load. On the other
hand, in very high pulse rate applications, a substantial portion of the energy
stored in the series inductor may not be dissipated at the end of the pulse. This
energy recirculates and is dissipated slowly in the closed loop comprising the

series inductor, the shunt switch and the flyback diode as described in Figure 2-4

[3].
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Figure 2-4. (a) Schematic of the LD driver with discharging inductor solution while current
flowing through the flyback diode, (b) Waveform of the inductor current and the LD current
at the end of the pulse.

For the next period of pulsing, this current can be refreshed before being
dissipated completely by turning on the series switch. This energy storage
capability reduces the requirements on the power supply, large size components
and high cost [3].



2.1.1.2 Advantages of the Design

The advantages of the design are stated by Crawford at [3]:

Power losses in the LD array are kept small by using saturating switches
(shunt and series switches) when compared to linear current sources since
the switches are not used as active load. If MOSFETs are used as
saturating switches, voltage drop on drain-source terminals become only

(Rpscony X Ipg). Therefore, switching losses are minimized.

Load requiring higher voltage than the power source can be driven since
the energy is stored in the series inductor, which simplifies the power
supply requirement. However, it is better to decrease the difference
between source voltage and load voltage to minimize both inductor size
and current reduction during pulse.

Fast rise times can be achieved to very high current levels without a need
for a high-voltage power supply. Thus, smaller and less expensive
components are required respectively.

LDs are expensive circuit components and are susceptible to electrical
damage. The shunt switch protects the LD array when it is turned on.

Extra energy stored in the series inductor is recycled back to the storage

capacitor.

2.1.1.3 Disadvantages of the Design

Discharging inductor solution which is described in [3] utilizes the semiconductor

switches as passive switches. As a result, lower rise and fall times can be

achieved. However, rise and fall times of the current pulses cannot be controlled

in this solution.

The current sense network used in discharging inductor solution is referenced to

ground and only detects the current level so that it can provide an ON/OFF signal
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for the switches. However, it does not have any contribution to load current
regulation, in other words; it does not provide feedback signal for the control of
the LD current. Load current regulation totally depends on the values of the circuit
components. Moreover, the input voltage of discharging inductor solution should
be closer to load voltage to provide the required current regulation.

There are two saturated switches in discharging inductor solution which are had to
be switched synchronously. Any time difference between switching times of these

switches may result in failure in transferring the energy to the load.

Large inductor size is needed for discharging inductor solution to transfer the
energy to the load to achieve high and narrow current pulses with small variation
even if the voltage difference between the source and the load is minimized using
equation (2.2).

2.1.2 Discharging Capacitor Solution

2.1.2.1 Description of the Design

This part indicates a circuit providing current pulses for LDs which is designed by
Hu Chunsheng, Qin Shigiao and Wang Xingshu [4]. It is stated by the authors that
the design is made of fast high-power MOSFET. Its work principle is very similar
to SMPS inductor solution. However, in the design, discharging capacitor is used
instead of inductor as a current pulse supplier. The authors are describing their
circuit with following words; this kind of LD driver module has lots of
advantages, compared with discharging inductance. It has bigger output peak
power, shorter rise time of output pulse, simpler circuit, higher conversion

efficiency and less power consumption.

The driver design typically comprises DC input voltage source, the LD array as
the load and a storage capacitor as the current source connected in series to the

11



load. When the current source is turned on, energy is drawn from the capacitor
through the diode array. The voltage on the capacitor falls, so the current source
must have sufficient compliance to continue to operate as voltage falls. The value
for the energy storage capacitor in the power supply should be selected to produce
a maximally flat-top pulse shape. However, instead of a flat-top pulse shape, very
narrow, sharp pulse in nanosecond level is obtained in the application described in

[4]. Therefore, the selected capacitor value is low.

The authors have given the simplified schematic of the laser diode driver as
shown in Figure 2-5. Resistors R1 and R2 are used to limit charging current and
the peak current of output pulse, respectively. Capacitor C1 is used as current
source for the LD load D2. Diode D1 is used as clamping diode. Switch K is an n-
channel enhancement type power MOSFET, controlling the capacitor charging

and discharging.

R1 A c1 g R2
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Figure 2-5. Schematic of the LD driver with discharging capacitor solution [4].

In one period of operation, capacitor C1 is charged through resistors R1, R2 and
diode D1 and the switch K is turned off as shown in Figure 2-6. The capacitor
voltage increases exponentially until being almost equal to input voltage. If
desired, the capacitor voltage can also be adjusted to lower value to obtain lower
peak value of current. After the completion of charging period, while the voltage
at node A becomes almost equal to the input voltage, the voltage at node B

becomes almost OV.
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Figure 2-6. Schematic of the LD driver with discharging capacitor solution while capacitor is

charged.

At second step, the switch K is turned on. Hence, the voltage at node A
immediately drops to OV. Since the capacitor voltage cannot change immediately,
the voltage at node B becomes close to negative value of input voltage source
accordingly. As a result, capacitor C1 is discharged through the switch K, LD load
D2 and resistor R2 as in Figure 2-7 [4].
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Figure 2-7. Schematic of the LD driver with discharging capacitor solution while the current
flowing through the LD load.

2.1.2.2 Advantages and Disadvantages of the Design

The driver introduced in this part eliminates the problem of synchronous
switching when compared to discharging inductor solution by using only one

switch.

13



The designers of the driver states that it has bigger output peak power, shorter rise
time of output pulse, simpler circuit, higher conversion efficiency and less power
consumption when compared to discharging inductor solution [4]. However, load
current waveform characteristics such as output peak current, pulse width and
pulse frequency still depend on the values of circuit components, which restricts

the user while determining the desired current waveform.

2.1.3 MOSFET Based Double Switch Forward Converter

Solution

2.1.3.1 Description of the Design

This part indicates a circuit providing current pulses for LDs which is designed by
A. Sharma, C. B. Panwar, R. Arya and A. K. Nath [7]. It is stated by the authors
that this design is a MOSFET based double switch converter operated in peak
current mode control with a two loop feedback taking input from 230V single
phase utility mains. It has differential and common mode filters in the output stage
which is galvanically isolated from the input and common from the sensing and
control circuit to prevent the LD load from any EMI and static charge based
damage.

The driver design basically comprises power circuit and control circuit. There are
two alternatives considered for the power circuit configuration of the LD driver.
The first alternative uses two SMPS stages. It utilizes a rectifier for AC mains
voltage to obtain ~300V. Then, first SMPS stage converts this rectified input to a
low isolated voltage level. The second stage includes MOSFETSs or power BJTs
operating in linear region to provide pulsed or continuous current for the load.
This power supply solution is said to be a lossy method since it has two SMPS
stages. However, it is stated by the authors that it is the unique solution for the
applications requiring extremely low ripple in current. The second alternative has

14



one SMPS stage with increased order of output filter stage to attenuate the
switching ripple. This second solution is considered to be more reliable than the
first one since it has less number of active components and is more efficient. The
LD driver for the second alternative as given in [7] that uses a double switch
forward converter as an SMPS solution and the two nested control loops involved
are shown in Figure 2-8 and Figure 2-9, respectively.

DC LINK VOLTAGE POWER
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Figure 2-8. Schematic of the MOSFET based double switch converter for LD drive [7].
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Figure 2-9. Equivalent control block for the LD driver [7].

Reference input in the control stage only indicates the level of the load current.
Pulse frequency and width of the current is determined by PWM in the controller
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block of the LD driver. Indeed, PWM determines the current to be pulsed or

continuous.

2.1.3.2 Advantages of the Design

The advantages of the design are stated by the authors of the paper at [7] as:

In case of faults such as LD overcurrent, LD overvoltage and any
mismatch between reference voltage and load current, the MOSFETS are
turned off and the microprocessor turns off the delivered input power to
the driver so that the LD can be protected.

The control circuit is isolated from the input supply and the load since it is
less tolerant to noise.

The peak current mode control which is implemented in the outer control
loop provides a lot of advantages to the LD driver which makes the design
more robust. These advantages are that:

(1) It provides a feed forward path for eliminating the effect of input
voltage variations within one time period on the inductor current -
IL1 and so on the LD current.

(2) Inductor L; can be considered as a current source since the feed
forward path provides a peak current control with excellent line
regulation. In other words, the inductor current - I; is not
considered as a state variable of the converter any more so that the
number of poles or the order of the small signal control to output
transfer function is reduced by one. This also increases the closed
loop bandwidth of the converter so that the closed loop becomes
more stable.

(3) The transfer function of the power stage in continuous conduction
mode (CCM) is almost the same as in discontinuous conduction
mode (DCM) for low and mid frequencies.

(4) MOSFET failures are eliminated due to excessive current which

also provides a protection for the LD since switching current
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flowing through the MOSFETs are primary reflected current
flowing through the load.

(5) The transformation saturation is handled so no extra circuit is
required unlike for full bridge and push-pull isolated converter
topologies.

(6) It is possible to control many LD loads or LD series in parallel

without extra current equalization.

In addition, the necessity of large package sizes for MOSFET switches to achieve
high level of current pulses with high frequency and pulse width is minimized
with the use of step down transformer.

2.1.3.3 Disadvantages of the Design

The disadvantage of the design is stated by the designers of this work that the
magnetizing current of the transformer is assumed as zero since it is negligibly
small compared to current flowing through the inductor - L; reflected on the
primary side. Therefore, current flowing through the inductor - L; is assumed to
be equal to the load current. However, this assumption is not valid for light load

applications [7].

The driver is supplied from an AC source instead of a DC source. Therefore, extra
EMI filtering and rectification stages are needed in the design to obtain a high DC
input voltage and to eliminate the possible noise problem for LD current.

PWM is used in the design for determination of pulse frequency and the width of
the current pulse. However, PWM is not appropriate for high power pulsed
applications. Indeed, the MOSFET based double switch converter, which is
described in previous chapter and uses PWM, can provide maximum 120W

instantaneous output power.
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2.1.4 Current Controlled Quasi-Resonant Buck Converter

Solution

2.1.4.1 Description of the Design

This part indicates a circuit providing current pulses for LEDs and LDs which is
designed by Joe A. Ortiz [5]. It is stated by Ortiz that the design is a current
controlled quasi-resonant converter which is also named as a zero-switched buck
converter that is used as a current source for pulsed LEDs and LDs. The output of
the converter which is pulsed current is sensed and then regulated by a control

loop to provide appropriate amplitude of current pulses as shown in Figure 2-10.

The design comprises a power source which is serially coupled to switch
transistor - Q;, a resonant inductor - L; providing a high impedance for the switch
transistor during switching time and minimizing the switching losses of the
transistor, a filter inductor - L,, a diode - CR; parallel to switch transistor, a catch
diode - CR; and a resonant capacitor coupled from a point between the inductors
and negative side of the power source masking the capacitance and reverse
recovery of the catch diode and minimizing the switching losses of the diode. The
current flowing through the LED or LD series is monitored by a current sensor
which is serially coupled to the load. The sensed current is used by the quasi-
resonant controller to regulate the amount of average current flowing through the

switch transistor by varying the switching frequency.
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Figure 2-10. Schematic of the LD driver with current controlled quasi-resonant buck

controller solution [5].

As it is described by the designer of the driver, load current reaches the steady-
state after a few consecutive cycles of switching. Load current raises 30A after
two consecutive cycles of switching at 2us as shown in Figure 2-11 (a). Hence, it
is expected to reach 100A after seven cycles of switching at approximately 7us. In

other words, rise time of the pulsed current is expected to be 7us for 100A.
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Figure 2-11. LD current (a) after consecutive switching cycles during rise time period, (b)

during steady-state operation [5].
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2.1.4.2 Advantages and Disadvantages of the Design

The advantages of the design are stated by the author of the paper at [5] as:

. The design minimizes the power losses compared both to the series
dissipative regulator and pulse-width-modulated converter to output current
solutions.

. The conversion efficiency of the controller is on the order of 85-90% and it
is claimed that this value may be improved to 95%. The conversion
efficiency of the LD drivers previously mentioned in this chapter is not
given by their designers. However, the rate of efficiency seems to be

satisfactory.

Besides, rise time of the LD current is obtained as 7us. However, current
regulation of the design seems to be poor as it is seen from Figure 2-11 (b) since
ripple on the pulsed current at steady-state is 10A.

There are not any protection mechanisms against overvoltage and overcurrent
stated by the author of the paper at [5] although LDs are sensitive devices to even

small fluctuations in the drive current.

2.1.4.3 Improvements made on the Driver by the Designer

Ortiz made some improvements on the design which are explained at [10]. In
accordance with the improvements, output power from the constant current source
is controlled by the shunt switch as shown in Figure 2-12. By turning off and on
the shunt switch the duty cycle of the pulses are determined. Indeed, when the
shunt switch is turned on, the current flowing through the LD array becomes zero.
On the other hand, when the shunt switch is turned off the regulated power is
delivered to LD array. Since there is almost no power dissipation in the switch,
the efficiency of the driver approaches 100%. The improved efficiency results in a

less requirement of high input power, cooler operation and higher reliability. Also,
20



the output current ripple is extremely reduced. In addition, the rise and fall times

of the load current has decreased below 1ps as shown in Figure 2-13 [10].
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Figure 2-12. Schematic of the improved version of the LD driver with current controlled

quasi-resonant buck converter [10].
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Figure 2-13. Oscilloscope results of output current waveform for improved version of the

driver [10].

In the operation of the controller, if the shunt switch is turned on there is no

current flowing through the LD arrays. Actually, the shunt switch can be

considered as a protection for

the LD arrays in case of any failure so that the

current flowing through them can immediately be interrupted. If the shunt switch
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is turned off and one of the series switches is turned on which are shown in Figure
2-12, current starts to flow through the corresponding LD array. However, there is
still no information for overvoltage detection across the LDs stated by Ortiz.

2.1.5 Programmable Arbitrary Waveform Pulse Generator with

Buck Converter

2.1.5.1 Description of the Design

This part indicates a circuit providing current pulses for pulsed loads which is
proposed by R. Arya, M. J. Thomas, A. G. Bhujle and D. D. Bhawalkar at [6]. It
is stated by these authors that this driver is a programmable arbitrary waveform-
pulse generator with buck converter, which is a power source designed for flash-
lamp-pump quasi-continuous-wave solid state Nd:YAG laser.

Actually, the technology of flash-lamp-pump solid state laser is a former
technology for solid state lasers. Nowadays, diode-pumping has been preferred as
pump sources for solid state lasers due to their relatively higher electrical-to-
optical efficiency. Indeed, the overall laser system efficiency with flash-lamp-
pumping is in the range of 1% to 2% due to relatively low electrical-to-optical-
efficiency whereas the efficiency of a system with diode-pumping is in the range
of 10% to 15%. Therefore, input power requirement of this design is very high
compared to ones with diode-pumping [10]. However, operating principle of the
design has similarities when compared to other SMPS solutions. Therefore, it is
also investigated as a pulsed power source in this chapter.

The design is able to provide current pulses with desired wave shape, level,
adjustable pulse width and frequency over a wide range. These pulses can be a
train of different shaped consecutive pulses. A reference input signal including the
properties of the purposed output current such as pulse width, pulse shape and
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amplitude is combined with PWM signal generator so that a reference wave
modulated PWM signal can be generated.

2.1.5.2 Advantages and Disadvantages of the Design

The programmable arbitrary waveform pulse generator with buck converter
solution which is described in [6] is able to adjust the level of the load current
within the ranges of 50A and 200A with a wide range of pulse width as shown in
Figure 2-14, which provides a flexibility of being used for a lot of pulsed power
applications. However, 42 parallel power MOSFETS are utilized in the design to
achieve this. While it is advantageous to use parallel MOSFETs because it
decreases the power requirement and decreases the total impedance, it may create
a placement problem in the PCB design of the driver and decrease the robustness
of the system because if any of these MOSFETSs are damaged, drain and source
terminals of the corresponding MOSFET may be shorted. As a result, the LD

current cannot be controlled any more.
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Figure 2-14. Rectangular output current pulses with different pulse widths [6].

In addition, the level of the load current, pulse frequency and pulse width are

adjusted via multiple numbers of resistor networks, outputs of which are
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multiplexed by an analog multiplexer in this design, which means that the load
current waveform depend on the values of circuit components, which restricts the
user while determining the desired current waveform as in the case of discharging

inductor and capacitor solutions.

Besides, there is not closed loop control for load current in this solution. Also, the
rise and fall times of the current waveforms are in millisecond levels [6]. In
addition to high rise and fall times, overshoot and ripple on steady-state output
current are extremely high for diode pump solid state LDs as it is observed from
Figure 2-14. Furthermore, while the design is appropriate for flash-lamp-pump
solid state lasers, it cannot be directly used to drive diode-pump solid lasers
because there isn’t any protection network for the load.

2.2 Linear Drive Solutions for High Power Pulsed LD Driver

2.2.1 Pulsed LD or LED Driver with Proportional Control and
Multiphase Controller

2.2.1.1 Description of the Design

The design, schematic of which is shown in Figure 2-15, is a linear current source
for pulsed LEDs or LDs and is proposed by lan D. Crawford and M. Morales at
[8]. A linear control element is disposed in the return path from the diode array
and the power source. Current flowing through the diode array is sensed by a
current sense resistor which provides a voltage indicative current to an input of an
error amplifier. The other input of the error amplifier receives a reference demand
voltage indicative of the desired current which controls both the switch and the
power supply unit to set the level and timing of current pulses for the load array.
The output of the amplifier controls the linear pass element to maintain a constant
current through the diode array.
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Figure 2-15. Schematic of the LD and LED driver with P control [8].

2.2.1.2 Disadvantages of the Design

The following weak points may be associated with the design. The P control may
not be appropriate for the control of LD current because of the existence of an
error term between the reference signal and the resultant current. Therefore, the
reference signal has to be adjusted so that the desired current level can be
achieved. Since LDs have non-linear current-voltage characteristics, it may be
difficult to achieve this.

Besides, while the LD current is measured via a sense resistor, the voltage across
the terminals of the LD is not measured. Therefore, only a protection against
overcurrent may be maintained. None of these failure scenarios are considered by

the designers of this driver.

2.2.1.3 Improvements made on the Driver by the Designers

The improved version of the design comprises a power converter which is a
standard polyphase (multiphase) controller, a reservoir capacitor at the output of
the power converter, a saturated switch in series with load to control the current

off and on into the load and a current sensor monitoring the current through the
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load as shown in Figure 2-16. Basically, the measured load current is compared to
the demand current in the error amplifier stage so that the converter output voltage
can be adjusted as null error and means for controlling the saturated switch by
providing a switch on/off signal to the switch in response to an externally
generated pulsed signal which may be a part of the current level demand signal or
separate from the current level demand signal [8].
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Error ~_*
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Figure 2-16. Schematic of the LD and LED driver with Multiphase controller [8].

As the current demand signal is increased from zero to a required value, the power
supply unit is turned on by the error amplifier and the output filter capacitors are
charged. Simultaneously, the series switch is turned on. Then, current starts to
flow in the LD. When current flowing through the load reaches the value of the
demand current, the power supply unit regulates at a voltage to generate the
required current flow in the LD array and the switch. This voltage depends on the
V-1 characteristics of the load at that time [8].

At the end of the pulse, the demand goes to zero; the switch and the power supply
unit are turned off to stop current flowing through the LD array.

As it is stated by the authors of the paper describing the driver, the series switch is
used in on or off mode; therefore, switching losses are minimized compared to

other linear current sources. Moreover, the series switch can be switched on and
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off with a duty cycle in the range of 0.1% and 50%. As a result, a wide range of
pulse width is achieved for the load current [8].

The voltage on the filter capacitor remains almost constant until the next pulse
since the load has been removed when the switch and the power supply unit are
turned off. When the next and subsequent pulse currents are demanded, rise time
of the load current is fast since the output filter capacitors are already charged up
to the expected voltage to generate the required current for the next pulse in the

sequence of pulses [8].

However, the authors have not included a soft-starting mechanism in their design
while charging the filter capacitor. This may cause a surge current flow through
the LD although the switch is in off mode because an instantaneous leakage
current may flow through this switch. Also, the filter capacitor is directly
connected to the load in case of a failure, which may be risky for the load in case
of a failure in the load current or load voltage. Indeed, the design is still lack of

protection networks for the load.

2.2.2 Pulsed LD Driver with Proportional-Integral-Derivative
(PID) Controller

2.2.2.1 Description of the Design

The driver introduced in this part which is proposed by R. Singh, N. Dangwal, L.
Agrawal, S. Pal and J. A. Kamlakar at [9] is a linear current source providing
current pulses for series of 24 Nd:YAG type LD bars used in space based laser
transmitters. The design can generate current pulses with 100A peak value, 200us

pulse width and 10Hz pulse frequency.

The design mainly includes SMPS providing input power to the system, soft
starting and current limiting networks avoiding accidental overdriving of the LDs
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and transient current pulses during power on and PID controller providing

constant current for LD array [9].

Figure 2-17 shows the block diagrams of the pulsed LD driver. The design
consists of three stages which are input power stage, load stage and the controller
stage [9].

The input power stage provides 60Vpc input for the driver. However, since the
SMPS supply cannot provide required instantaneous pulse power for the LD
array, a capacitor bank is utilized in the design. The peak current pulses are
supplied by the capacitor bank. Moreover, a soft start mechanism is implemented
in the driver so as to bring up the current pulse gradually and avoid the impact of

surge current during power on [9].
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Figure 2-17. The block diagram of the pulsed LD driver with PID controller [9].
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The load stage comprises 24 series LD bar with overvoltage detect and shorting
relay mechanisms which are responsible for protecting the LDs in case of any
overvoltage between the terminals of the load [9].

The controller stage mainly comprises a 10Hz reference input pulse with 200us,
op-amp based PID controller, power MOSFETS and a series sense resistor sensing
the load current. Figure 2-18 shows the sub-stages of the controller stage of the
driver. The current flowing through the LD array is sensed by a 10mQ sense
resistor. The noise on the sensed current is suppressed by filter stages and then
amplified with a proper gain value. The resultant feedback voltage signal is
compared with the reference input pulse produced by a timer oscillator so as to
generate an error signal. The aims of the closed loop system and the PID
controller are to minimize the error signal and to adjust the gate voltage of the
power in response to error signal, respectively. The PID controller prevents
overshoots and adjusts the rise time of the current flowing through the load [9].

Verr Kp . vV Drive Unit (Plant)
! ; G g
Vref | Comparator > Ki/s —% Filters H Stzé"e }—» - MOSFETS
7 Kds - Capacitors
Vfed Feedback
Gain - Filter 1 | Filter 1 -] Sensing
Element

Figure 2-18. The block diagram of the controller loop [9].

2.2.2.2 Simulations and Experimental Results of the Controller

Loop

Figure 2-19 shows the simulation results implemented by the designers of the
driver and belonging to the control unit of the driver obtained in ORCAD-EDA
tool. A reference signal is generated so as to generate current pulses with 80A

peak value and 200ps pulse width [9].
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Figure 2-19. (a) Reference input pulse vs. time, (b) the output of the PID controller vs. time,
(c) Gate voltage of the power MOSFETS vs. time, (d) Sensed load current across the sense

resistor vs. time [9].

The authors of the paper at [9] states that the design aims to provide current pulses
with rise and fall times less than 5us, current regulation within 1% of set value
and overshoot and undershoot less than 0.1% of peak value. The simulation
results shown in Figure 2-19 are compatible with these requirements.
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Figure 2-20 shows the oscilloscope measurements carried out with the hardware
comprising the experimental test result of the reference input pulse, gate voltage
of the MOSFETS, the output of the PID controller and the voltage across the

series sense resistor [9].
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Figure 2-20. (a) Reference input pulse, (b) Gate voltage of the power MOSFETS, (c) the
output of the PID controller, (d) the voltage drop across the sense resistor [9].

2.2.2.3 Advantages and Disadvantages of the Design

The driver introduced in this part mostly eliminates the disadvantages of the other
solutions mentioned in previous sections. For example, while the linear current
source using P controller is not suitable for non-linear loads, this driver is

expected to solve this problem with PID controller. The load current is expected
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to reach the desired value at steady-state and have almost no overshoot. However,
derivative term of the controller is very risky since it can amplify the noise in the
system. Indeed, due to high sensitivity to noise, the system can become unstable.
This problem seems to be handled by limiting the bandwidth of the system.
However, the application in which the design is used is a high speed application.
Indeed, rise and fall times of the current pulses are expected to be less than 5us.
This limits the cutoff frequency of the filters to 200KHz. In other words, noise
with a frequency less than 200KHz can still be available sufficiently to cause the
system to be unstable. In fact, the voltage waveform shown in Figure 2-20 (d),
which shows the voltage across the current sense resistor, seems to be noisy.

The experimental results are said to be totally compatible with the simulation
results. However, as it is observed from Figure 2-20 (d), peak voltage across the
sense resistor - 10m< changes between 500mV and 540mV which correspond to
50A and 54A, respectively. Hence, it is difficult to say that the current regulation

within 1% of set value is maintained.

Moreover, this driver is able to detect any overvoltage across the terminals of LD
array and protect the array by shorting it out with a relay. However, it is
understood that a precaution only for overvoltage case is taken in the driver. In
addition to overvoltage failure, overcurrent failure though the LD array has to be

taken into account.

The driver provides the necessary instantaneous power for firing the LDs from the
input capacitor bank because the SMPS supply is insufficient to provide it
individually. The capacitors are charged through a soft starting network to protect
the LDs from any surge current. However, in addition to protection of the LDs
against current transients, it is better to discharge the capacitors in case of failure

detection for the safe operation and robustness of the driver.

The driver uses power MOSFETS as active load. Therefore, switching losses are
higher compared to SMPS solution. This problem is aimed to be overcome by
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using parallel MOSFETS as shown in Figure 2-17. However, it may decrease the

robustness of the system as in the case of the design described in [6].

The driver has a flexibility of indicating the property of current pulse by making
necessary changes on reference signal. Furthermore, the design has its own power
supply. Thus, it can be used in many applications independently. However, extra
EMI filtering is needed to suppress the switching noises coming from the power
supply. Also, rise and fall times of the current pulses are controllable compared to
SMPS solutions.

The current sense resistor is placed at ground side of the driver and source
terminals of the MOSFETs are connected to the current sense resistor. This
creates the necessity of an extra isolation stage in the controller circuit because a
virtual ground is needed to drive these MOSFETS.
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CHAPTER 3

PROPOSED METHOD

3.1 Fundamentals of the Proposed Method

This LD driver has been designed in order to provide current pulses for two LD
arrays, each of which comprises five Nd-YAG type LDs. The driver utilizes a
linear current source topology for the development of current pulses. In literature,
both linear current source and SMPS solutions, which are explained in previous
chapter, are available for driving pulsed LDs.

Basic work principle of SMPS solutions which are not using PWM is to charge
energy storage elements up to a predetermined level of voltage or current, and
then to transfer this energy to LD with proper switching elements. However, there
are some drawbacks of these SMPS solutions. For example, the driver
implementing the discharging inductor solution utilizes the semiconductor
switches as passive switches, which means that they work in either ON or OFF
mode and are controlled by current sense networks. As a result, fast rise and fall
times are achieved as shown in Figure 2-4 (b) in previous chapter. However, rise
and fall times of the current pulses cannot be controlled. In addition, input voltage
of the driver should be closer to load voltage to provide the required current
regulation. Moreover, it is obligatory to switch these switches synchronously for
this driver. Any time difference between switching times may result in failure in
transferring the energy to the load. Furthermore, large inductor size is needed to
transfer the energy to the load requiring high current narrow pulses with small
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variation even if the voltage difference between source and load is minimized
according to equation (1.2) given in previous chapter. On the other hand, the
linear current sources utilize the switches as active load, which means that their
control signal which is provided by means of a current sense network determines
the level of the pulsed current. Furthermore, current regulation is totally

accomplished by control circuit in linear current sources.

Discharging capacitor solution, which is another SMPS solution not using PWM
had minimized the disadvantages of discharging inductor solution. For instance,
the number of switches has decreased to one, compared with discharging inductor
solution. As a result, the efficiency of the LD driver using this solution is
improved and the problem of the complexity of synchronous switching of the
switches is overcome. Furthermore, the switch provides a protection for LD loads
when it is turned off. However, circuit components directly determine the

parameters of load current, which restricts the control of current.

Other SMPS solutions use PWM technique to determine the level, pulse
frequency and width of LD current. However, these solutions are not appropriate
for high power applications. For example, the MOSFET based double switch
converter, which is described in previous chapter and uses PWM, can provide
maximum 120W instantaneous output power [7]. In fact, it is essential to increase
the power requirements of the components in this solution. However, there is a
trade-off between the compactness of the system and provision of sufficient
power. For instance, the programmable arbitrary waveform-pulse generator,
which is described in previous chapter and also uses PWM, comprises multiple
number of MOSFETS to achieve high level of current pulses. Moreover, rise and
fall time performance of these solutions are very poor.

Because of these reasons, a linear current source topology is utilized in this thesis

to provide appropriate current pulses for two LD arrays. In linear current sources,

basically, load current is sensed via a series sense resistor and compared to a
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reference signal. Resultant error signal is used to control the voltage drop on the

series switch to provide a constant current during pulse period.

Linear current sources in the literature are utilizing proportional (P) and
proportional-integral-derivative (PID) controllers for the control of LD current.
These controllers are purely op-amp based controllers. However, P control is not
appropriate for the control of LD current because, there always exist an error term
between the reference signal and the resultant current. Therefore, the reference
signal has to be adjusted so that the desired current level can be achieved.
However, since LDs have non-linear current-voltage characteristics, it is difficult
to achieve this. On the other hand, PID controller is better when compared to P
controller because the error term between the reference signal and the resultant
current is zero under ideal conditions. However, derivative term of the controller
is very risky since it can amplify the noise in the system. Indeed, due to high
sensitivity to noise, the system can become unstable. Also, large bandwidth
requirement of the system due to limitations in rise and fall times of the pulsed
current makes it difficult to take necessary precautions to eliminate noise. Hence,
the driver implemented in the thesis work utilizes an op-amp based proportional-
integral (PI) controller.

3.2 Architecture of the LD Driver

This LD driver has been designed to be used in laser target acquisition and range
finder unit of ASELPOD Thermal Imaging System which is developed by
ASELSAN Incorporation of Turkey. Therefore, the driver to be developed has to
satisfy some extra constraints which will be coming from this interconnection, as
a result of which the driver is fed by an external DC power source at 82.5V and
drive two LD series with constant current simultaneously. Moreover, a digital
communication interface with a “Laser Control Card" is added to adjust the
properties of the load current. In other words, the “Laser Control Card” manages
the LD driver by giving instructions via a communication protocol. Therefore, a
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programmable IC is used in the design to maintain the communication between
the driver and the "Laser control Card". programmable IC is an interface between
the “Laser Control Card" and the other blocks in the driver. In addition, the “Laser

Control Card” provides the necessary voltages for the ICs used in the driver.

The external power source feeding the LD driver will not be able to supply
necessary power to the driver to fire the LDs because large amount of current is
expected to flow through the LD series and the output drive current capacity of
the external power source is not sufficient to drive these loads individually; which
is also shown in the calculations using equations (3.1) and (3.2). Therefore, a
capacitor bank block is implemented to provide the necessary power during
current pulse. In fact, necessary power should totally be supplied from the
capacitor bank; hence the interaction between the external power source and
capacitor bank has to be interrupted during pulse. Otherwise, the power module
providing the input power tries to supply current together with the capacitor bank
for the load, which may result in a voltage reduction at the output of the power
module since it will try to provide the necessary current for the load individually
although the capacitor bank is in conduction. In other words, output stage of the
power module may be exposed to a failure by going on trying to provide the load
current individually. Moreover, capacitors initially have instantaneous low
impedance due to their effective series resistance during their initial charge;
hence, there occurs an instantaneous high current flow which can result in a
reduction in the value of input supply. To prevent this, a soft start mechanism is
implemented in the design. Actually, soft start networks are implemented in LD
drivers to prevent the LDs from surge current during power on as in [9]. However,
the aim of the soft start network implemented in this driver is to protect the input
power module. On the other hand, a new solution, which is thought to be a better
solution than the soft network implemented in [9], is implemented in the driver to
overcome the problem of surge current during power on. A high side overcurrent
protection block is designed so as to interrupt the connection between the input
stage and the LD arrays during capacitor charging prior to firing. This block is
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also responsible for blocking of the load current in case of detection of
overcurrent through the load.

It is mentioned in previous chapter that linear current sources are less efficient
than SMPS based drivers since they use the switches as active loads. In other
words, if MOSFETS are used as switches, voltage drop on drain-source terminals
will become more than (Rpsony X Ips) during pulse. Therefore, power
dissipation on MOSFETS is expected to be higher in linear current source
compared to SMPS based drivers. This is the general problem of linear current
sources. To improve the efficiency of the driver, an input capacitor voltage
adjustment unit is implemented in the driver which is not available in other linear
current sources in the literature to my knowledge. The design is able to charge the
capacitor to an optimum level which is determined by the programmable IC
considering the voltage drop on capacitors during pulse and the voltage drop on
LDs so that power stress on MOSFET switches can be minimized.

As it is mentioned above, in case of overcurrent detection, high side overcurrent
protection network prevent the current through to load. In addition to protection of
the LDs, the capacitor bank has to be discharged for the safety of the rest of the
circuit. Thus, a capacitor discharge unit which is controlled by the programmable

IC and not available in other linear current sources is implemented as well.

The main purpose of the driver is to control the LD current. Therefore, current
sense networks are required for each LD array to feed the load current information
into the controller. Furthermore, a controller block which is an op-amp based
analog controller and is in interaction with the programmable IC and current sense

network is designed to provide the requirements of the current.

In addition to input block, protection blocks and current control block, it is

necessary to provide an interface between analog and digital networks in the

design. Indeed, the programmable IC is the main control mechanism for these

blocks. However, input and output (1/O) pins of this IC are in digital format;
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hence, they are not directly applicable to manage the analog networks. Thus,
analog-to-digital conversion and digital-to-analog conversion blocks are designed
and inserted between the programmable IC and analog networks in the proposed

design.

Finally, the overall architecture of the LD driver is developed as shown in Figure
3-1.
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Figure 3-1. The block diagram of the LD driver.

The overall architecture of The LD driver consists of the following sub-blocks:

o Input Current Limiter Network

o Input Capacitor Voltage Adjustment Unit
o Input Capacitor Discharge Unit

. Load Current Measurement Unit

o Analog-to-Digital Conversion Unit

o Digital-to-Analog Conversion Unit

. Protection Circuits
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° LD Drive Current Control Unit

The design of each of these sub-blocks will be described in the following sections.

3.2.1 Input Current Limiter Network

The LD driver has been designed so as to provide current pulses with a peak value
of 100A for two LD series, each of which comprises five LDs. The peak value of
the current can be adjusted by the control unit of the driver within the ranges of
90A to 120A. The width and frequency of the current pulses are nominally 200us
and 20Hz, respectively. The control unit of the driver can adjust these parameters
within the ranges of 200us to 250us and 20Hz to 40Hz, respectively, via
programmable IC.

The electrical specifications of LD indicate that the voltage drop across the
terminals of one LD is in the range of 13V to14V in case of current flow within
the ranges between 100A and 120A [1]. Hence, the total voltage drop across each
five-LD array becomes 65V - 70V. The external power supply which is providing
the required power for current pulses can supply maximum 200W output power.
On the other hand, the instantaneous power and energy required by two five-LD

arrays are calculated as given below:

P()max =2 Xi(t) XV(t) =2 X 1004 X 70V = 14kW (3.2)

Epagxe =2 Xi() xV()xt =2 x 1004 X 70V X 200us = 2.8 (3.2)

As it is observed from above calculations, maximum output power of the external
power supply is not sufficient to supply the required instantaneous power for the
LD series. Therefore, a capacitor bank is required at the input stage. Necessary

input capacitor value can be adjusted by considering the voltage drop on LD array
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terminals during a pulse, the voltage droop on drain-to-source terminals of low
side MOSFET during pulse and the input voltage value. Since the whole required
instantaneous power is supplied by the capacitor bank, it is designed such that
voltage droop is small enough to provide current pulse of 100A during 200us. In
other words, the voltage across the terminals of the capacitor bank should still be
larger than the voltage drop on LD array terminals during pulse plus the voltage
drop on drain-to-source terminals of low side MOSFET at the end of pulse.
Besides, the allowable voltage droop has to be considered as 2-5% in the input
capacitor voltage. Otherwise, a higher input voltage is required and the input
capacitors have to be charged to a higher voltage value. In fact, voltage droop on
input capacitors increases the power dissipation on low side MOSFETS since it is
directly observed on drain-to-source terminals of low side MOSFETS.

Accordingly, the necessary input capacitance can be calculated as given below

[9]:

UXAT). AV =2 — 5% x VCAP (3.3)

C =
AV

Considering the capacitor sizes and secure operation, the voltage droop is
considered as 4.5% in the input voltage. Then, minimum required capacitance
value for one LD array can be calculated as using (3.3):

AV =V, X 4.5% = 82.5V x 4.5% = 3.7125V (3.4)

(IxAT) _ (1004 x200ys) A

(O
AV 3.7125V

= 5375uF (3.5)

As a result, the capacitance value has been determined as 5700 pF and since there
are two LD arrays, two capacitors in parallel each of which has a value of 5700uF
are used for this purpose. Accordingly, voltage droop on the input capacitors is
calculated as 3.5V using the formula (3.3). The specifications of the input

capacitors used in the design are shown in Table 3-1.
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Table 3-1. Specifications of the input capacitors.

Capacitance Value 5700uF

Maximum Voltage 100Vpc
Effective Series Resistance (ESR) | 50mQ

These input capacitors have instantaneous low impedance during their initial
charge due to their effective series resistance; hence, there occurs an instantaneous
high current flow which can result in a reduction in the output voltage value of the
external power supply. To prevent this possible failure and protect the output
stage of the supply, the input current is limited to 2A by an input current limit
network (soft start network), block diagram of which is shown in Figure 3-2. As a
result, the protection of input power supply is also maintained, which is not
available in other linear current sources that are explained in Chapter 2 as
literature survey. If there isn’t any self output short circuit protection mechanism
of the input power supplies of the other linear current sources maintained in
previous chapter, a huge amount of instantaneous current may be demanded by
the input capacitors initially and so the absence of the input current limiter
network may cause a problem for the safe operation of the input stage of these

linear current sources.
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_—>
(Soft Start)
825V | Input Capacitor
External DC Voltage Adjustment
Powe Supply
A
Input Current VCAP Measurement
Adjustment
. J Capacitor
Capacitor Discharge
Bank ‘ Unit

Figure 3-2. Block diagram of the input current limiter network.
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3.2.2 Input Capacitor Voltage Adjustment Unit

Input voltage - 82.5Vpc is controlled at the input stage of the driver by a MOSFET
switch. The unit is designed such that, in case of any failure, this switch is turned
off by software so that the input voltage can be interrupted. Besides, the voltage of
the input capacitors is adjusted with this switch. If the voltage of the input
capacitors is adjusted to a value more than that of the LD series, this results in
more power dissipation on low side MOSFETs which are controlling the LD
current at the controller stage. Therefore, the voltage of input capacitors can be
adjusted to optimum level by determining the average voltage drop on the
terminals of the LD series after a few pulses. This mechanism, which is not
available in other linear current sources that are covered in previous chapter, aims
to decrease the power dissipation on the MOSFETs. The block diagram of the
input capacitor voltage adjustment unit that is designed is shown in Figure 3-3.

82.5 Vdc

VCAP_LEVEL_CONTTROL

VCAP

A CapacitoI 1

Bank

Capacitor
Discharge
Unit

COMPARATOR

CAP_DSC

DA_VOLT_SET

Figure 3-3. Block diagram of the input stage of the driver.
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Voltage level of the input capacitors is controlled by the control signal -
VCAP_LEVEL_CONTROL in the part of the proposed design, as shown in
Figure 3-3.

As shown in the block diagram, level of the input capacitor voltage is adjusted
through a signal called DA VOLT_SET which is an output of the digital-to-
analog converter (D/A converter) in the proposed design.

VCAP represents the input capacitor voltage and is compared with
DA _VOLT_SET. For instance, if DA VOLT_SET is set as 3.52V, input
capacitor voltage becomes 81.5 V, accordingly.

3.2.3 Input Capacitor Discharge Unit

The input capacitors discharge in case of a failure in the LD current such as a
short circuit, an excess current, a reverse current or a failure in the duration and
frequency. Figure 3-3 involves the block diagram of the input stage of the
proposed design with the input capacitor discharge unit.

According to the block diagram shown in Figure 3-3, the input capacitors
discharge through a switch in any of these failure conditions. The switch can be
controlled by both software and analog circuitry. During normal operation, the
switch is in off mode. In case of a failure detection, the switch is turned on to
make the input capacitors discharge through it.

Figure 3-4 shows the ORCAD simulation results related to the input capacitor
discharge.
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Figure 3-4. Simulation of the input capacitor discharge- Input capacitor voltage vs. time.

3.2.4 Load Current Measurement Unit

It is extremely important to make a precise load current sensing since the control
parameter of the driver is the load current. There are two possible LD current
measuring devices which are hall-effect sensors or sense resistors. In the proposed
method, sense resistors are used for current measurement because they have
smaller product sizes, no bandwidth limitation and the property of more accurate

measurement when compared to hall-effect sensors.

3.2.4.1 Load Current Measurement with Hall Effect Sensor

Work principle of hall-effect sensors is based on sense of magnetic field created
by flowing current. Advantage of using hall-effect sensors is isolation between the
sensed current and measurement so that the load current can be sensed from every
part of the load current flowing line. On the other hand, disadvantage of using
hall-effect sensors is high cost and product sizes. However, alternatives that can
be used in similar applications are also considered. Accordingly, products of LEM
Corporation are taken into account. These hall-effect sensors are capable of
sensing current within the ranges +150A and -150A up to 100KHz bandwidth,
which satisfy the requirements of the proposed LD driver [11]. However, they are

not used in this driver due to high cost and product sizes.
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3.2.4.2 Load Current Measurement with Sense Resistor

Work principle of sense resistor is based on being serially connected to the line of
sensed current. Disadvantage of using sense resistor are the difficulty in making
measurements in parts of a network which do not have ground reference and
power dissipation. Therefore, it is essential to use a sense resistor with a low value
so that the voltage drop on it can be minimized. Moreover, tolerance and
temperature coefficient of the sense resistor (TCR) must be low. Besides, power
rating of the resistor should be high enough to ensure safe operation. Accordingly,
determination of the sense resistor is based on the power dissipation formula as

given below:
Piics = I? X Rgonse X Duty cycle (3.6)

LD current is sensed with 10mQ sense resistor in the driver as shown in Figure
3-5. Accordingly, maximum voltage drop and power dissipation on the resistor for
40Hz pulse frequency and 200ps pulse duration are calculated as:

Virop = I X Rgense = 1004 x 10mQ = 1V (3.7)

Py, = 10042 x 10mQ x 200KS — 800mW 3.8
25ms

Specifications of the sense resistor are given in Table 3-2. The maximum power
dissipation calculated in equation (3.8) and the maximum allowed power
dissipation given in Table 3-2 show that the sense resistor are operating safely.
Moreover, precise measurement of the load current is very critical for the
performance of the LD driver. Even, small variations in the value of the sense
resistor due to terminal resistance and soldering process may change the value of
the resultant load current since the sense resistor also acts as a feedback sensing
element in the control loop. Therefore, tolerance and TCR of the sense resistors
are determined as very low as given in Table 3-2.
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Table 3-2. Specifications of the sense resistor [12].

Resistance Value 10mQ
Maximum Allowed Power Dissipation at 70 °C 2W
TCR 2ppm/°C
Tolerance 0.1%

Voltage drop on the terminals of the sense resistor during pulse is sensed by the
difference amplifier. ORCAD simulation results of the above circuit for 100A
current pulse are shown in Figure 3-6. It is observed that output of the difference
amplifier is measured as 1V for 100A current pulse, which is consistent with the
calculation done in equation (2.24).

Capacitors
Load
Current
CUR_FDBCK 10mQ
Current
Sense
Difference Resistor
Amplifier
‘A
< Laser
a Diode
Array

A

D
]
G
Rest of the ‘Af
S

Driver

Figure 3-5. Block diagram of the current sense network.
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Figure 3-6. ORCAD simulation results of the current sense network — (a) Current flowing

through the load vs. time, (b) Output of the difference amplifier vs. time.

3.2.5 Analog-to-Digital Conversion Unit

Analog-to-digital conversion is essential for the interaction between the
programmable IC and the analog circuitry of the driver to activate the protection
mechanisms of the programmable IC in case of a failure detection in the driver.
Therefore, the critical voltages such as input capacitor voltage, voltage of the high
side of the LD arrays, voltage drop on drain-source terminals of low side
MOSFETSs during pulse and the output of the difference amplifier are monitored
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and digitized by the A/D conversion unit as shown in Figure 3-7 to detect a
possible failure in their values which are explained in details later.

CUR_FDBCK1

CUR_FDBCK2
—_—

DIODE_AND1

AD

DIODE_AND2 CONVERSION A/D OUTPUT

——
DIODE_CTD1

DIODE_CTD2

VCAP

Figure 3-7. Block Diagram of the A/D conversion unit.

Moreover, to provide a fast protection, it is extremely important to get samples of
these critical voltages as much as possible and then transfer these samples to
programmable IC quickly. Thus, an A/D converter with a high sampling rate is
used in LD driver.

3.2.6 Digital-to-Analog Conversion Unit

As it is explained before, the programmable IC is the main control mechanism for
the other blocks in the driver. Therefore, digital-to-analog conversion is needed in
the driver to transport the instructions of the programmable IC to the other blocks.
To meet the needs of the LD driver, a multichannel D/A converter is used in the
driver.

The input capacitor voltage is set via software as it is stated previously. The
programmable IC determines the voltage level of the input capacitors. This
information is converted to an analog signal named as DA_VOLT_SET, which is

the input for the input capacitor voltage adjustment unit as shown in Figure 3-3.

Furthermore, the requirements of the LD current pulse are set by the
programmable IC. The digital information related to desired current waveform is
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converted to an analog signal, which is an input command for the analog PI
controller in the LD driver.

3.2.7 Protection Circuits

Protection functions of the driver are activated in case of an excess current flow
through and overvoltage across the LD series. The high side protection MOSFET,
which is shown in Figure 3-8, is turned off so that input capacitors and LDs can

be isolated from each other in protection mode.

Moreover, it is essential to protect the LD series against surge currents that may
be coming from the source. This is achieved, in this study, by implementing an
isolation stage between the high power supply unit of the driver and the laser
diode arrays. There are different approaches in the literature for this problem like
the usage of starting prior to firing the diodes as mentioned in [9], [13]. However,
the use of soft starting may be very advantageous if it is attached with the external

supply to reduce the instantaneous power requirement from the source.

There are both analog and digital protection blocks in the driver. The voltages
representing the value of the current flowing through each LD series are compared
to a reference voltage by the comparator circuits. The reference voltage is adjusted
so as to give an error signal if LD current reaches 130A at the output of the
comparators. If the level of the pulsed current flowing through at least one of the
LD series exceeds this value, the output voltages of the comparators become
logically high. As a result, analog protection block is activated and the high side
MOSFET is turned off.

In addition to detection of failure in load current, critical voltages like input
capacitor voltage, voltage of the high side of the LD arrays and voltage drop on
drain-source terminals of low side MOSFETSs during pulse are measured and fed
into inputs of the A/D converter. These digitized values are evaluated by the
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programmable IC. If these values are out of the ranges which are predetermined
by the programmable IC, the high side protection MOSFET is immediately turned
off to interrupt current pulses to flow through the LD arrays and input capacitors

are discharged by input capacitor discharge unit which is shown in Figure 3-3.

Input J: l Load
Capacitors Current D
High Side MOSFET Control ‘L
Ll
S
Comparator
130A CUR_FDBCK 10mQ
Current Current
Limit _ Sense
Difference Resistor
Amplifier
‘A
< Laser
& Diode
Array
‘A
‘l
D
-
Current G |»—
e —
Control
S

Figure 3-8. Block diagram of the driver with high side protection MOSFET.

3.2.8 LD Drive Current Control Unit

The pulsed laser diode driver utilizes a linear current source topology with Pl
controller. The driver is capable of controlling the current flowing through two
LD series with two identical op amp based analog PI controllers.
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3.2.8.1 Analog PI Controller for LD Current

There are two analog PI controllers implemented in the design to drive two LD
series. Each analog PI controller adjusts the level of the current through two laser
diode series by controlling the voltage across the gate-source terminals of low side
MOSFETSs according to current level command set by the programmable IC. The
current command involves the information of the desired level of current,

frequency and the pulse width.

In the driver, currents through each laser diode series are sensed by the series
sense resistors. The sensed currents which are amplified and filtered are used as
feedback signals. In each loop, the error signal is used as the input for the
controller which reduces the error to zero at steady-state. Figure 3-9 shows the

block diagram of the closed loop system implemented with analog PI controller.

Input

Capacitors Load

Current

£

Active Current
-
‘ Filter Sense
Resistor
Difference
Amplifier
‘A
< Laser
. Diode
Array
‘4
‘4
v D

Input o
Command 0 w Pl ‘ﬁ%
Controller M
XD s

Figure 3-9. Block diagram of the closed loop system implemented with analog PI controller.

As it is stated before, input current command involves the level of the desired

current level, current pulse duration and current pulse frequency. For instance, an

52



input command with 1.5V amplitude and 200us pulse duration is required to
obtain a load current with 100A and 200ps pulse width. Figure 3-10 shows the Pl
controller and gain stage for one LD series. The signal named as CUR_FDBCK1
represents the feedback signal. On the other hand, the signal named as IREF1
determines the level of the pulse command. Frequency and width of the current
pulse are controlled by the signal named as IREF_CONTROL1 which drives the
gate of the MOSFET - TR602 as shown in Figure 3-10. When the signal -
IREF_CONTROL1 is logically high, the voltage observed at the drain of the
transistor becomes logically low. As a result, there is no input command applied
to the control loop. However, when the signal - IREF_CONTROL1 is logically
low, the signal - IREF1 is applied to the drain of the MOSFET - TR600.

Consequently, the input command is applied to the controller.
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The goal of the design shown in Figure 3-10 is to make the error signal -
CUR_ERRL1 zero at steady-state. The op-amp — TD600-2 operates as an error
amplifier. Output of the op-amp is considered as the error signal and equals to
twice the input command minus current feedback signal. Then, the error signal is
amplified and inverted at the second op-amp stage with a gain number (+1.5). The
output of the second op-amp stage is the input for the PI controller which drives
the gate of the low side MOSFET. The resistance and capacitance value of the
closed loop current controller is determined via the ORCAD simulations shown in
following figures. Finally, the equation of the gate driving signal in response to

the error signal is:

Vgate—drive (t) = Kp X e(t) + Ki X fe(t)dt (39)

where K, and K; are the resultant proportional and integral constants, respectively.

Kp, Kiand the error signal - e(t) are calculated as given in below:

R604 _ R605  1.5kQ _ 9kQ
= = — =45 (3.10)
P R606 = R607 1kQ 3kQ

R604 1 1.5kQ 1
K, =22 % = X = 106029 (3.11)
R606 R607><Ceq 1kQ 3kOQx4.7nF

e(t) = % X input command — % X CURR_FDBCK1 (3.12)

e(t) = 1k?’;m X input command — % X CURR_FDBCK1 (3.13)

Initially, output of the PI controller reaches the positive saturation voltage value
of the op-amp as shown in Figure 3-11. Then, it decreases and reaches to the
steady-state value. Therefore, it is essential to charge the gate of the low side
MOSFET slowly enough not to cause oscillations in the load current. Hence, the
gate of the low side MOSFET is driven through a resistor as shown in Figure
3-12.
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Figure 3-11. ORCAD simulation of the output of the PI controller in response to the input

command for 100A LD current with 200us pulse width — PI controller output vs. time (Pink),

Input command vs. time (Blue).
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Figure 3-12. Block diagram of the gate drive circuit of the low side MOSFET.
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3.2.8.2 Determination of Rise and Fall Times of the LD Current

There are several factors affecting the rise and fall times of current pulses. One of
them is the MOSFET capacitances which are named as input capacitance - Ciss,
output capacitance - Cys and reverse transfer capacitance - Cs  These
capacitances are defined as shown below:

Ciss = Cgs + Cop (3.14)
Coss = CDS + CGD (315)
Crss = CGD (316)

where Cgs, Cop and Cps are the gate-to-source capacitance, the gate-to-drain
capacitance and the drain-to-source capacitance of a MOSFET, respectively.

In addition to these capacitances, parasitic inductances due to MOSFET
packaging increases turn on and turn off time of a MOSFET during switching
[14]. Figure 3-13 shows equivalent model of a MOSFET with components having

major effect on switching times.

%
i ﬂ\ Body-drain

¢

Figure 3-13. Equivalent MOSFET model [15].
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Moreover, PCB trace inductance and series inductance of LD series which are in
the order of nanoHenry affect the switching behavior of MOSFETs in my
experience. Indeed, voltage drop on these parasitic components during switching
increases current rise and fall times. As a result, it is extremely difficult to
calculate rise and fall times of MOSFETSs during switching. However, there are
some approximations using the MOSFET datasheet parameters for calculation of
current rise and fall times. However, these parameters are dynamic. Therefore, the
approximations made on the equations which are taken from [15] give general
idea about the switching behavior of MOSFETS. In fact, it is already stated that
there is difference between calculated values and measured values of turn on and
turn off times of MOSFET [14].

Before dealing with the calculations, it will be helpful to mention the switching
behavior of MOSFETS. Figure 3-14 illustrates the general turn on characteristic of
a MOSFET. Accordingly, when a step input is applied to gate of the MOSFET,
Css and Cgp are started to be charged by the gate current and the gate voltage of
the MOSFET increases. However, the MOSFET is still turned off until the gate -
source voltage of the MOSFET (Vgs) reaches the threshold voltage. Elapsed time
during this period is named as t; in Figure 3-14. Actually, this period can be
considered as the dead time for the MOSFET. This means that when a step input
is applied to the gate of the MOSFET, there will always be a time gap between the
rising edges of the step input and the current flowing through drain — source
terminals of the MOSFET (lps). Therefore, this dead time has to be added to the
width of the input pulse command applied to the controller to compensate this
gap. Accordingly, as Vgs reaches the threshold voltage, Ips begins to rise and Vgs
still goes on increasing until reaching Miller plateau voltage. At the same time, Ips
reaches the steady-state value. Elapsed time during this period is called as current
rise time and calculated as (t, — t;) according to Figure 3-14. After the completion
of this period, Vgs remains constant for a while. During this period, only Cgp is
charged by the gate current. Elapsed time is calculated as (t3 — t;) during this
period. At the end, Vgs begins to increase again until reaching the steady-state
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value. These turn on time periods of the MOSFET are calculated using the

parameters taken from the application note - [14]:

1
t; = (Rg + RG_applied) X Ciss XIn @

VGs(step)

1
t, = (RG + RG_applied) X In m

VGs(step)

= (Vps—VF) x (Rg+ RG?applied) XCrss
3 =

VGs(step)~ VGs(miller)

(3.17)

(3.18)

(3.19)

where Rg appiied 1S the value of the resistor externally connected to the gate of the

MOSFET, and Vps, Ves(t), Vesmiley and Ve are the drain-to-source voltage of the

MOSFET during turn off , the threshold turn on gate-to-source voltage of the
MOSFET, the Miller charge voltage of the MOSFET and the drain-to-source

voltage of the MOSFET during turn on, respectively.

3
Vas(V) -Black | :
I | 1 I
Ips (A) -Blue 1 - L
Vg (V) -Pink . . .
1 o ,  Ves
¥ AAN
Vid ' Vos
. : &
4 ta Time (sec)
——

Figure 3-14. General turn on characteristics of MOSFETS.
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According to the simulation results, Rg_appiied is determined as 1.33kQ and used as
shown in Figure 3-12. Moreover, parameters of the MOSFET used in the driver
which are taken from [16] are given as below:

R; = 1.50Q Vseny = 2.5V (min) & 5V (max)
CiSS = 32nF VGS(miller) =51V

Typical Vgseny value is 4.2V according to the spice model of the MOSFET.
Moreover, since the output of the Pl op-amp saturates, Vegsstep) 1S considered as
the op-amp output saturation voltage which is approximately 13.6V according to
the simulation results shown in Figure 3-15. Then, turn on time periods of the
MOSFET can be calculated as below:

t; = (1.5 + 1.33kQ) X 32nF XIn

- (4.2;/13.6”)] = 15us (3.20)

1

(1— YV /136v)

t, = (1.5Q+ 1.33kQ) x 32nF xIn

)l = 20us (3.21)

Therefore, width of the input pulse command applied to the controller has to be
adjusted as 15us more than its actual value, which can be done by the
programmable 1C easily. For instance, if desired width of the current pulses is
250ps, the programmable IC has to provide pulse commands with 265us width.
Besides, expected rise time of the current pulses is 5us according to above results.
On the other hand, the simulation results show that rise time is approximately 9us
as shown in Figure 3-18. This is due to the fact that parasitic package inductances
of the MOSFET which is not modeled in its spice model and PCB trace
inductance which is not also considered in ORCAD simulations are not taken into

account in these equations.
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Figure 3-15. ORCAD simulations of the actual system, PI controller output (Pink), Gate
voltage of the low side MOSFET (Blue), Output of the difference amplifier in response to
100A LD current (Red).

Turn off characteristic of the MOSFET is similar to its turn on characteristic. As
the step input voltage applied to the gate of the MOSFET drops to zero, Cep and
Cgs of the MOSFET start to be discharged until Vgs of the MOSFET drops to
Miller plateau voltage. After reaching Miller plateau voltage, Vgs of the MOSFET
remains constant for a while. During this period, only Cgp of the MOSFET goes
on being discharged. Then, Vgs starts to decrease again since Cgp and Cgs are
further to be discharged and so current flowing through the load starts to decrease.
This turn off characteristic of the MOSFET is described in Figure 3-16. Fall time
of the load current is mentioned as ts in the corresponding figure. It can be
calculated approximately as, [14]:

|4 miller
te = (RG + RG_applied) X Ciss X In (%) (3.22)
te = (1.5Q + 1.33kQ) x 32nF x In (i%) ~ 8261 (3.23)
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Figure 3-16. General turn off characteristics of MOSFETs

Although the calculated fall time is less than 10ps, simulation results show that it
is more than 10us without additional gate discharge circuit as shown in Figure
3-17. Indeed, measured fall time is 18us for this case due to the parasitic package
inductances of the MOSFET.

.......................................................................

688.108ns 688.20ns 6808.25ns 688.30ns

o I{U15:LD)
Time (ms)

Figure 3-17. ORCAD simulation of the load current without gate discharge unit.

To decrease the fall time of the load current, an additional gate discharge circuit is
designed for the driver. This circuit is a simple inverter providing an additional
path for gate discharge at the end of current pulse and comprising an npn type

BJT transistor and resistors and connected between gate terminal of the low side
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MOSFET and ground as shown in Figure 3-12. Base emitter voltage of the BJT
transistor is controlled by the software. Indeed, a signal which is synchronous to
the input current pulse command and inverted version of the input pulse command
is applied to base of the transistor during operation. For example, while an input
pulse command is applied to provide required level of current pulse flowing
through the load, logical level of the signal which is applied to the base of the BJT
transistor becomes low so that collector voltage of the BJT transistor voltage can
stay logically high during pulse and be equal to the gate voltage of the low side
MOSFET. At the end of the pulse, logical level of the signal applied to the base of
the transistor becomes logically high. Accordingly, collector voltage of the BJT
which is also equal to gate voltage of the low side MOSFET drops to zero
abruptly which results in a lower fall time for the current pulse. Simulation of the
load current with this additional gate discharge circuit is shown in Figure 3-18.
Simulation results show that fall time of the current pulse is decreased to 0.55ps.

108 [ W O

<

Pl e

=

ta

8-+
688.128ns 688.168ms 688.288ms 608.248ns 688.288ms
o I{U15:LD)
Time (ms)

Figure 3-18. ORCAD simulation of the load current with additional gate discharge unit.

Moreover, value of the Cis of the MOSFET is given as 32nF which is extremely
high and a limiting factor for decreasing the rise time of the current and directly
depends on the package dimensions of the MOSFET. It is important to mention
that the linear current source design with PID controller, which is mentioned in

previous chapter, is said to provide rise and fall times less than 5us [9]. Even, this
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fall time condition is satisfied with the additional gate discharge circuit, rise time
cannot be decreased to 5us due to the limiting MOSFET factor in this driver
because while the design with PID controller utilizes multiple numbers of parallel
power MOSFETSs in the controller stage, this design utilizes only one power
MOSFET for control of each LD array. The design with PID controller decreases
the power requirements of MOSFETs and so required package dimensions by
distributing the load current among them. However, using such a parallel
MOSFET network increases the required PCB dimensions for the driver. To
conclude, there is a trade-off between providing smaller rise times and smaller

PCB dimensions for multiple numbers of parallel power MOSFET usages.

3.2.8.3 Specific Problems met in the Analog PI Controller Design

It is observed that the op-amps used in the controller affected the performance of
the LD driver in this work. First of all, op-amps must have large enough
bandwidth and slew rate not to cause any delay in the controller. Since the
minimum bandwidth of the system is 100KHz, bandwidth of these op-amps has to
meet this requirement. Moreover, at the output stage, response time of the op-
amps must be low enough to respond to abrupt input voltage changes. In this
application, since the measured load current is fed into the controller, slew rate of
these op-amps must be large enough to catch the changes in the load current
during rise and fall. Accordingly, high speed op-amps with 50MHz bandwidth
and 350V/us slew rate are used in the driver. However, op-amp input offset
voltage is still a big problem for the controller although the op-amps used in this
application have low input offset voltage which is given in the range of 0.5mV
and 2mV in [17]. This amount of voltage may not be effective on the performance
of the controller. Nevertheless, there are six consecutive op-amp stages
comprising filtering, gain and PI controller blocks in each closed loop. Indeed,
op-amp input offset voltage creates an offset voltage at the output of the
corresponding op-amp, which is an additional input offset voltage for the
following op-amp. Finally, at frond end of the PI controller, op-amp input offset
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voltages may create a remarkable voltage. Since the PI controller has a large gain,
resultant offset voltage may charge the gate of the low side MOSFETS and cause a
few amperes continuous DC current flow through the LD arrays despite the
absence of the current command. Therefore, an external negative offset voltage is
applied to the non-inverting input of the op-amp used in PI controller to make
offset cancellation as shown in Figure 3-10. To determine the value of the
required negative input offset voltage, it is important to consider the op-amp
model with input offset voltage and make calculations for the worst case to obtain
possible highest total offset voltage for the controller stage. General op-amp
model with input offset voltage is shown in Figure 3-19.

Figure 3-19. Op-amp model with input offset voltage [18].

In each closed system, there are six amplifier stages, one of which is the
difference amplifier having 1mV offset voltage, which is defined in [19].
Considering the schematics including the amplifiers used in the closed loop
system and shown in the Figure 3-5, Figure 3-7 and Figure 3-10, overall offset
model of the closed system for the worst case can be described as shown in Figure
3-20.

=
=
—
v
>

0.5mV

1mV 0 Reauied

Offset Voltage

Figure 3-20. Overall offset model of the closed loop system for the worst case.
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Total offset voltage of the closed loop system can be calculated step-by-step as
indicated below where the numbers (1), (2), (3) and (4) represents the op amps

used in Figure 3-20:

Q) 1mV + 2mV = 3mV (3.24)
@  3mv+EB oy x B < g5y (3.25)
3 15mv x BBy 05my x BB = 31my (3.26)

1.5R (1.5R+R)

@) 31mV x (-1) X ==+ 0.5mV X —45.25mV (3.27)

The effect of the op-amp offset voltages is tested in ORCAD simulations. Figure
3-21 shows that the total calculated offset voltage is large enough to saturate the
op-amp used in the PI controller and to cause a few amperes continuous current

through the LD arrays despite the absence of the input command.

15 : :
_______ l.______J_.___________________%_._-__J_______E__-_._-_-_._-_l._-____J____.__-_._-_.
4 10 s e
& e
. . .
—  F------ ) ) [ { ______ JH P — : ______________ ) P
g . :
Y L LT T T e Ll LR T T SR PR P
— . :
L= R
(=R . :
2F 5 : :
T 7 v
------- "------1---------------------':'------1-------I--------------r------1--------------
u 1 1 1 1 1 1 1
s 288ms 488ns 688ms
* U(D11)  FI{U15:LD) Time {ms)

Figure 3-21. ORCAD simulations showing the effect of the op-amp offset voltage on Pl
output and LD current.
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Considering the gain parameter of the Pl controller, the required negative offset
voltage that has to be applied to the non-inverting input of the op-amp to cancel
the total offset voltage is calculated as shown below:

—45.25mV x (—1) x =+ 2mV x P20 = 14375my (3.28)
(9R+3R -
Vrequiredopgser X o> = 143.75mV = Vyequirea_offsec = 35.9375mV (3.29)

The drawback of applying negative input offset voltage is that it can negatively
charge the gate of the low side MOSFET if the value of the offset voltage at front
end of the PI controller is lower than the value calculated in (3.41). However, this
problem is overcome by putting a diode between the inverting input and output of
the op-amp used in the PI controller as shown in Figure 3-10.

3.2.8.4 MATLAB Analysis of the Analog Pl Controller

The analog Pl controller simulated via ORCAD is analysed via MATLAB
program. First of all, the controller circuit is simulated via Simscape tool of the
program. The spice model of the low side MOSFETSs is used for the general
MOSFET model in the tool to see whether the simulation results are compatible to
each other. However, a constant power supply is used in the analysis instead of a
capacitor bank, because the only purpose is to see the performance of the
controller. In the analysis, 0.7CQ - resistive load, the value of which is determined
using the I-V characteristics of the LD arrays, is used instead of the LDs in the

analysis.

The parameters of the load current are chosen as similar to the once determined in
ORCAD analysis. The corresponding Simscape simulation results are illustrated
in Figure 3-22. The waveforms validate the results obtained in ORCAD
simulations. When an input pulse command with 1.5V amplitude is applied to the
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controller, a voltage pulse with 1V amplitude is observed at the output of the
subtractor amplifier as shown in Figure 3-22, which means that there is 100A
current pulse through the load. The voltage waveform of the PI controller output
and the gate voltage of the low side MOSFET, which are shown in Figure 3-22,
almost agree with the results shown in Figure 3-15.

In addition to the Simscape simulation analysis, the overall control block is
modelled in MATLAB. The complexity in modelling the overall system is the
modelling of the low side MOSFET. As it is explained previously, MOSFETS are
non-linear devices, parameters of which are directly affective on the transient
response of the system and determination of the PI controller parameters. Due to
their non-linearity, it is almost impossible to create a generalized model. Instead,
there are two different approaches tried in the analysis to obtain an approximated
controller model. The first approach is that considering the steady-state response
of the system, the low side MOSFETs are assumed to be operating in linear
region. According to this assumption, an operating point is determined with the
help of ORCAD simulation results as shown in Figure 3-23. Because, the
MOSFETS s are considered as variable resistors according to the voltage applied to
gate-source terminals in linear region, an approximate and linear Vgs dependent

Rbs(on) (drain-to-source resistance) function is obtained.
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Figure 3-23. Ip vs. Vps characteristics of the low side MOSFETS. [19].

Using the selected operating point, corresponding Rpson) is calculated as 0.005Q
(since Vps=0.5Vand 1p=100A for Vgs=6V.). To write Rpsiony as a linear function
of Vs we need another operating point within the neighbourhood of the previous
point. For 110A - Ip and 0.5V - Vps, Rps(ony is calculated as 0.0045Q. Using this
information, the coefficients of the Rps(ony is calculated as:

Rpscomy = f(Vgs) =axVes +b (3.30)
0.005Q = f(Vs) = a X 6V + b (3.31)

a =—0.0005Q/V, b =0.008Qand f(Vs) = —0.0005 X Vs + 0.008 (3.33)

Considering the load as a resistive load, the value of which is determined as 0.7Q
from the current through and the voltage drop across the terminals of the one LD
array, the system model can be approximated around the operating point as
follows:
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Figure 3-24. Variable resistance approximation based Simulink model for the controller.

The proportional constant (K;) and the integral constant (K;) of the PI controller
are determined as 4.5 and 106029 respectively from the ORCAD simulation
results. Load current function is written in “Embedded MATLAB Function” as
follows:

function y = fcn(u)

%u : VGS; Rload=0.70hm

%70V the voltage drop across the load for 100A
%0 .5V the voltage drop across

%drain-source terminals of the low side MOSFET

%y : IDiode; Rds_on=0.001*(8-0.5*VGS)

y = 70.5/(0.7+(0.001*(8-0.5*u)));

The response of the system to 3V - step input is shown in Figure 3-25. The results
seem to be consistent with the determined operating point. However, the overall
model shown in Figure 3-24 is approximated around a fixed operating point and
since it is still a non-linear model, it is difficult to generalize it for other operating
points. In fact, a new load current function has to be written in the “Embedded
MATLAB Function” because the load is determined as a resistive one and so the
voltage drop across it has to be updated for each operating point.
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Figure 3-25. VgsVs. time & I oap VS. Time in response to step input.

In addition to the variable resistor model, a more accurate model is approximated
using the general current formula of MOSFET in linear region. Because the low
side MOSFETs operate in linear region at steady-state, this model is more
accurate than the previous one for steady-state response analysis of the controller.
Vps Vvoltage of the low side MOSFETSs are considered as 0.5V at steady-state as in
the previous model. This assumption is a valid assumption because the low side
MOSFETSs are preferred to be operating in linear region as much as possible
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during pulse to decrease the power dissipation. Transconductance parameter (Ky)
of the MOSFETSs are calculated approximately as 110A/V? using the graph shown
in Figure 3-23.

Accordingly, current function of the low side MOSFETs can be written as
follows:

I = Kn X VDS X <VGS - (Vth + %)) (334)

where Vy, is the threshold voltage of the MOSFETSs and is 2.5V [19].

Using (3.47), Vs dependent new model can be illustrated as in Figure 3-26.

[
| g [ P g ' ,{ff [
Step —- 2 -
Add Pl Contreller Addi Kn=wD51 ooz
Vth=DS/2) —

2

im
[ B

L=al

Figure 3-26. Closed loop current control model with the assumption of linear operating
region of low side MOSFETS.

In this model, there are two inputs one of which is the step input and the other one
is the constant DC term — (Vin+Vps/2) coming from the current equation of the
MOSFETSs. Using the superposition, two different linear transfer functions can be
obtained and the sub-models can be shown for each input as illustrated in Figure
3-217.
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Figure 3-27. Two input model of the closed loop current model using superposition.

Using the same Pl parameters as in the previous model, the sub-models can be

shown in s-domain as in Figure 3-28 and Figure 3-29.

5

Step Input Cumrent —e -
Command Add

Integrator outl

Gain Gainz

0.02 b

Figure 3-28. Closed loop sub-model in s-domain for step input current command.
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Figure 3-29. Closed loop sub-model in s-domain for Vy,+Vps/2 term.

The overall transfer functions for each sub-model can be calculated as:

U () = 247.55+5.832e006
1(S) = §225571.749¢005

(3.36)

247 Bs+5.832e008

)

Step Input Command | 5-4255+1.743005

Ot

H1{s)

Figure 3-30. Resultant sub-model in s-domain for step input current command.

55s
8.4255+1.749e005

Hy(s) = (3.37)

{VtheVDS/2) 8.4265+1.749e005

H2{s)

Figure 3-31. Resultant sub-model in s-domain for V,+Vps/2 term.
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Since the amplitudes of each step input are 3V and -2.75V for 100A current case.
The overall current transfer function of the model can be obtained as follows:

H(s) =3 Hi(s) + (—2.75) Hy(s) (3.38)

_591.35+1.749e007

H(s) = §4255+1.749¢005 (3.39)
591.25+1.74258=007
1
Step Input % 425z+1 7422005 _@

His})

Figure 3-32. Resultant overall model in s-domain for step input.

Step response and the bode plot of the system is show in Figure 3-33. The results
seem to be consistent with time domain simulation results at steady-state. It gives
a general idea about the steady-state behaviour of the system. However, the
approximated model does not give information about the transient behaviour
because it is almost impossible to linearize the transient behaviour of the low side
MOSFETSs.
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Figure 3-33. (a) Step response of the overall model, (b) Bode plot of the overall model.
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CHAPTER 4

TESTS AND RESULTS

In Chapter 3, the design aspects and the overall architecture of the proposed LD
driver is examined in detail. The driver is analysed via ORCAD simulation
program and MATLAB in order to simulate the actual system as realistically and

identically as possible.

We compare the simulation results of the LD driver to the results of the real
hardware implementation of the driver. The laboratory test bed system is
composed of a "Laser Control Card", which communicates with the driver and
provides the necessary bias voltages for the ICs used in the LD driver, two power
supplies which provides DC power at 24V for the "Laser Control Card" and
82.5V for the LD driver, an Agilent Infiniium 54832D MSO type oscilloscope,
Tektronix TCPA300 and TCPA303 current probe set, a computer having RS232
interface to send the instructions such as the capacitor charging and discharging
prior to firing, the properties of the desired current waveform, single firing and
continuous firing commands with desired frequency to the "Laser Control Card"
and a hand-held thermal camera to monitor the temperature of the 1Cs used in the

driver.

To show the consistency between the experimental results and the simulation
results, the tests are done with the nominal values of the system requirements,
which are the level of 100A LD current with duration of 200us and frequency of
20Hz. The first tests are done with the resistive loads and normal diode series
prior to validating the safe operation of the driver.
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The tests of the LD driver starts with the boundary scan tests to see whether the
LD driver is communicating with the "Laser Control Card". Besides, the bias
voltages coming from the "Laser Control Card" is checked and the temperature of
the 1Cs in the LD driver is monitored via a thermal camera to see whether there is

a failure in the components used in the driver.

After completing the necessary controls and validating the proper communication
with the "Laser Control Card", the input capacitors are charged to a value
determined by the programmable IC in the driver and discharged by sending the
corresponding instructions from the computer to see whether the input capacitor
adjustment and discharge units are working properly or not. Because the
information of the desired input capacitor voltage value is determined digitally by
the programmable IC and converted to an analog signal in the driver, the proper
operation of the D/A conversion unit of the driver is also verified with these tests.
Moreover, the A/D conversion unit of the driver is tested prior to firing by
disabling the capacitor discharge circuit manually. Because this function is
disabled, although a "discharge” command is sent from the computer, the input
capacitor voltages will remain almost constant and after a while the
programmable 1C will give an error related to the failure in capacitor discharge in
response to the information of the input capacitor voltage value coming from the
AJD conversion unit of the driver.

Following the end of the pre-firing tests, LD single firing and continuous firing
tests are done so that the proper operation of the LD driver control unit and the

protection blocks can be verified.

In addition to the hardware tests of the blocks of the LD driver, sensitivity

analysis of the system is covered in this chapter.
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4.1 Hardware Tests

4.1.1 Input Capacitor Charging and Discharging Tests

The charge voltage is determined as 81.5V in these tests. When a "charge"
command is sent via the test computer, both the corresponding output of the D/A
(DA_VOLT_SET signal as shown in Figure 3-3) and the voltage across the
terminals of the input capacitors are observed via the oscilloscope as shown in
Figure 4-1. To obtain the desired input capacitor voltage value, the level of the
DA_VOLT_SET signal has to be 3.52V as it is explained in previous chapter. The
resultant capacitor voltage is measured as 81.7V as shown in Figure 4-1, which
almost agrees with the expected result.

Control Measure  Analyze Utilities Help 2:53 PM

File Setup

b are
[1of2)

Delete
all

Figure 4-1. Input capacitor charging and the corresponding DA_VOLT_SET signal in
response to “charge” command - input capacitor voltage vs. time (yellow) &
DA_VOLT_SET signal vs. time (purple).

Following the end of the capacitor charging test, a "discharge” command is sent

via the test computer. As a result, the gate voltage of the corresponding discharge
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MOSFET switch becomes logically high and the input capacitor voltage drops to
OV as shown in Figure 4-2, which validates the proper operation of the input
capacitor discharge unit.

Utilities

File Help 3:11 PM
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[1af2)

Delete:
Al

Figure 4-2. Input capacitor discharging and gate voltage of the discharge MOSFET switch in
response to “discharge” command — input capacitor voltage vs. time (yellow) & gate voltage
of the discharge MOSFET switch vs. time (purple).

4.1.2 LD Firing Tests

As it is mentioned before, first firing tests are done with resistive loads and
normal diodes to guarantee the proper operation of the LD driver. After validating
the driver operation, the tests are repeated with the actual load arrays. Following

measurements are done with the actual LD arrays.

Before firing the LD arrays, the properties of the desired current waveform are
sent via the test computer through the "Laser Control Card"” to the programmable

IC of the LD driver. Then, the input capacitors are charged to appropriate voltage
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level and the high side protection MOSFET switch is turned on so that the LD

arrays can be fired when a "fire" command is applied via the test computer.

Experimental results are shown in Figure 4-3 and Figure 4-4. Amplitude of the
input reference command is adjusted as 1.5V in order to obtain 100A current
pulse during the tests. The current through the LD arrays are measured via the
current probe. The actual current waveform is converted to a voltage waveform by

the current probe and seen in the oscilloscope screen.

File  Control  Setu Utilities  Help 12:28 PM
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Figure 4-3. Oscilloscope measurements for 100A LD current with duration of 200us — the
voltage across gate and source terminals of the low side MOSFET vs. time (yellow), the
voltage across drain and source terminals of the low side MOSFET vs. time (purple) & the

current through the LDs vs. time (red).
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Figure 4-4. Oscilloscope measurements for 100A LD current with duration of 200us —the
voltage across the current sense resistors during pulse vs. time (yellow) & the current
through the LDs vs. time (red).

In Figure 4-3, the measurement in channel 4 indicates the current waveform
which is converted to a voltage waveform by the current probe. Each vertical
division is 500mV, which corresponds to 25A. The average current amplitude is
observed to be 1.98V, which corresponds very closely to 100A. That agrees with
the simulation results. Furthermore, the calculated rise and fall times are
approximately 9.45us and 1.2us, respectively, which are very close to the

simulation results.

In Figure 4-3, the measurement in channel 2 indicates the voltage waveform
across gate and source terminals of each low side MOSFET. The voltage

amplitude is very close to 6V, which validates the simulation results.

In Figure 4-3, the measurement in channel 3 indicates the behavior of the voltage
waveform across drain and source terminals of each low side MOSFET in

response to the voltage rise across their gate and source terminals. It is observed
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that there is approximately 5V decrease in the voltage due to the voltage droop in
the input capacitors. That very closely agrees with the calculated value. The slight
difference comes from the effective series resistance of the input capacitors.

In Figure 4-4, the measurement in channel 2 indicates the voltage waveform
across each 10mQ sense resistor. The voltage amplitude is observed to be 1V,
which is compatible with the value of the load current amplitude and the

simulation results.

4.1.3 Protection Tests

As it is explained in previous chapter, there are both analog and digital protection
blocks in the driver in order to guarantee the safe operation of the driver. The
digital protection is capable of detecting excess current through and/or
overvoltage across the LD series and failure in the pulse width. The analog
protection is only responsible for detection of overcurrent and is a self-protection
mechanism, working independently. Analog circuit protects both of the diode
arrays by interrupting the current through them immediately even if only one of
the arrays current exceeds the pre-set value, which is set as 130A in the design as
shown in Figure 3-8.

During the protection tests, overcurrent protection of the digital protection block
is disabled to test the analog protection individually because the digital protection
block is adjusted to interrupt the LD current if it exceeds 125A. Therefore, in
normal operating conditions, even if an excess current failure is detected in one of
the arrays, digital protection block of the LD driver will take necessary

precautions.

For the test of the analog protection block, one of the LD arrays are shorted.
When a "fire"” command is applied to the system, the current through the shorted
LD array rises abruptly. As soon as it exceeds the value of 130A, the output of the
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comparator becomes logically high and the LD current is interrupted immediately

as shown in Figure 4-5.
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Figure 4-5. Overcurrent test of the analog protection when one of the LD arrays are shorted
— the current through the shorted LD array vs. time (red) & the output of the comparator,

which is shown in Figure 3-8 vs. time (yellow).

The oscilloscope results shown in Figure 4-5 are consistent with the theoretical
results. As the current through the shorted LD array reaches 131.5A, which
corresponds to a voltage waveform with an amplitude of 2.031V obtained via the
current probe, the LD current is interrupted immediately.

For the overvoltage test of the digital protection, one of the LD arrays is discarded
from the LD driver. The other LD array current is measured with the current
probe. When a "fire" command is applied to the system, the current flows through
the remaining LD array. As a result of which an overvoltage across the terminals
of the discarded LD array is detected. Consequently, the current through the other
array is interrupted immediately as shown in Figure 4-6.
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Figure 4-6. Overvoltage test of the digital protection when one of the LD arrays are

discarded - the current through the other LD array vs. time.

4.2 Sensitivity Analysis of the Steady-State Response of the
Closed Loop Model

The closed loop system is analysed in this chapter for possible variations in the
values of K, and K; of the PI controller, K, paramater of the low side MOSFETs
and the total feedback gain (F). The effect of variations in both ambient and
component temperature is avoided because the temperature is kept quite constant

in normal operating conditions.

Kp and the total feedback gain may vary due to variations in the resistance values.
The resistors used in the closed loop system have 1% tolerance in their value
except for the sense resistor, the tolerance of which is 0.1%. Besides, K;term can
vary due to both variations in the capacitance and resistance values. The
capacitors used in the PI controller have 10% tolerance in their value. K,
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parameter of the MOSFET is calculated approximately as 110A/V? as explained
in Chapter 4. Since the MOSFETs are not matched, this parameter may vary
between the MOSFETS.

Sensitivity analysis of the closed loop system is done for each sub-model which
are explained in Chapter 3 and the results are combined using superposition. The
effects of the variations in the values of each term are analysed on the response of
the closed loop system via MATLAB.

4.2.1 Sensitivity Analysis with respect to the Proportional

Constant

The values of the resistances - 1kQ, 1.5 kQ, 3kQ and 9kQ as shown in Figure
3-10 comprise the resultant K, which has the value of 4.5. Considering the
tolerances in the values of these resistances, the maximum and minimum value of

Ky can be calculated as below:

_1.5k(0x1.01 9k(1x1.01

K = =4.684 4.1

pmax- 1 k0x0.99 3k0x0.99 (4.1)
1.5k0x0.99  9k0x0.99

Ky min= =4.324 (4.2)
' 1k0x1.01 3k0x1.01
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4.2.1.1 Sensitivity Analysis of the Closed Loop Sub-Model for Step
Input Current Command with respect to the Proportional

Constant

For K,=4.684, the overall transfer function of the sub-model shown in Figure 3-28

becomes as:

, 257.65+5.832€006
Hi(s) = (4.3)
8.729s5+1.749e005

Step response and bode plot of the new sub-model are shown in Figure 4-7 and
Figure 4-8. The results show that the increase in the value of K, has almost no

effect on the corresponding sub-model.

Step Response
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Figure 4-7. Step response of the new sub-model in response to increase in K,.
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Bode Diagram
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Figure 4-8. Bode plot of the new sub-model in response to increase in K.

The sensitivity of the sub-model shown in Figure 3-28 to increase in the value of

Ky can be calculated as:

AH4 (s)/H ©
1

(4.4)

p

where AH;(s) and AKp are the changes in the values of H;(s) and Kp.

Sl%p,max (S )

Accordingly;

+0.002607s

2

85.2653+1.77€006s
__ 1.82€004s3+1.172€00952+2.508€0135+1.785€017
0.0409

(4.5)

Sl%p,max (S )

(4.6)

+4.33e0075%24+0.06376s
1.82e004s3+1.172e009s%2+2.508e013s+1.785e017

3

2085s

Sl%p,max (S )

89



Magnitude plot of S, max(S) is shown in Figure 4-9. It is observed that the
sensitivity of the sub-model to the increase in the value of K, is almost 0 until the
moderate frequency values. Even, the magnitude of S,%p,max is 0.1 at high

frequency.

Bode Diagram
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Figure 4-9. Magnitude response of Sk max_1(S).

Similarly, for K,=4.324, the overall transfer function of the sub-model shown in
Figure 3-28 becomes as:

237.85+5.832e006
8.1355+1.749e005

Hi'(s) = 4.7)

Step response and bode plot of the new sub-model are shown in Figure 4-10 and
Figure 4-11 . The results show that the decrease in the value of K, has almost no
effect on corresponding sub-model when compared to the results shown in Figure
4-7 and Figure 4-8.
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Frequency (radisec)
Figure 4-11. Bode plot of the new sub-model in response to decrease in K.
The sensitivity of the sub-model shown in Figure 3-28 to decrease in the value of

Ky can be calculated as:



AH, (s)
s

(4.8)

= T AKp P
p

Sl%p,min (S)

81.55534+1.693€00652-0.005214S
__ 1.696€00453+1.117€00952+2.447€0135+1.785€017

(4.9)

0.0407

Sl%p,min (S)

(4.10)

2085s3+4.33e007s2—0.1333s
1.696e004s3+1.117€009s%2+2.447e013s+1.785e017

Sl%p,min (S)

Magnitude plot of S,%p,min(s) is shown in Figure 4-12. The waveform is almost

the same as the one shown in Figure 4-9, which proves that the corresponding

in Kp.

sub-model of the closed loop system insensitive to variations
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Figure 4-12. Magnitude response of Skp min_1(S).
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4.2.1.2 Sensitivity Analysis of the Closed Loop Sub-Model for the
Constant DC Term with respect to the Proportional

Constant

For K,=4.684, the overall transfer function of the sub-model shown in Figure 3-29

becomes as:

55s

(4.11)
8.7295+1.749e005

Hy(s) =

Step response and bode plot of the new sub-model are shown in Figure 4-13 and
Figure 4-14. The results show that the increase in the value of K, has almost no

effect on the corresponding sub-model.

Step Rezsponze

A plituide

Time (zec) <10

Figure 4-13. Step response of the new sub-model in response to increase in K.
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Figure 4-14. Bode plot of the new sub-model in response to increase in K.

The sensitivity of the sub-model shown in Figure 3-29 to increase in the value of

Ky can be calculated as:

AH, (s)/H ©
2

(4.12)

p

where AH,(s) and AKp are the changes in the values of H,(s) and Kp.

Sl%p,max (S )

Accordingly;

(4.13)

)

140.7s2+42.921e006s
404552+1.651€0085+1.683€012
0.0409

(¢

Sl%p,max (S )

(4.14)

)

3441s2+7.144e007s
4045s2+1.651e008s+1.683e012

—(

Sl%p,max (S )
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Magnitude plot of Sg, max(s) is shown in Figure 4-15. It is observed that the

sensitivity of the sub-model to the increase in the value of K, is very low and even
less than 1 in magnitude at high frequencies.

hMagnitude (dB)

Frequency (radisec)

Figure 4-15. Magnitude response of Skp max 2(S).

Similarly, for K,=4.324, the overall transfer function of the sub-model shown in

Figure 3-29 becomes as:

55s
8.1355+4+1.749e005

H) (s) = (4.15)

Step response and bode plot of the new sub-model are shown in Figure 4-16 and
Figure 4-17. The results show that the decrease in the value of K, has almost no
effect on corresponding sub-model when compared to the results shown in Figure
4-13 and Figure 4-14.
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Figure 4-16. Step response of the new sub-model in response to decrease in K.

Bode Diagram

T

Fr=="T="r=a1-71"7i

Lo--1l__L_Jd_1.

20

0------

LGP} apnyube

T ) et

(Bap) aseyd

10

Frequency (radisec)

Figure 4-17. Bode plot of the new sub-model in response to decrease in K.

The sensitivity of the sub-model shown in Figure 3-29 to decrease in the value of
96

Ky can be calculated as:



1(s)
2
SKp,min(S) AKp (4.16)
/Kp
—( 134.652+2.794€006S )
2 376952+1.593e0085+1.683e012
, = 4.17
Skcp,min(S) 0.0391 (4.17)
3441s%2+7.144e007s
sz . (s) =— 4.18
Kp'mm() (376952+1.593e0085+1.683e012) ( )

Magnitude plot of S,%p,min(s) is shown in Figure 4-18. The waveform is almost

the same as the one shown in Figure 4-15, which proves that the corresponding

sub-model of the closed loop system insensitive to variations in K.

Bode Diagram

fagnitude (dE)

Frequency (rad/sec)

Figure 4-18. Magnitude response of Skp min_2(S).

4.2.2 Sensitivity Analysis with respect to the Integral Constant

The values of the resistances and the total capacitance comprising the resultant K;,
which has the value of 106029, are 1kQ, 1.5kQ, 3kQ and 4.7nF as shown in
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Figure 3-10. Considering the tolerances in the value of the resistance and the total

capacitance, the maximum and minimum value of K; can be calculated as below:

1.5k0x1.01 1
K max= =121809.35 (4.19)
’ 1k1X%x0.99 3k(x0.99%x4.7e—009x%0.9
1.5k(x0.99 1
K min= =93858.13 (4.20)
’ 1k(Qx1.01 3k(1xX1.01x4.7e—009x%x1.1

4.2.2.1 Sensitivity Analysis of the Closed Loop Sub-Model for Step
Input Current Command with respect to the Integral

Constant

For K;=121809.35, the overall transfer function of the sub-model shown in Figure
3-28 becomes as:

247.55+6.7e006

! —
Hi(s) = 8.4255+2.01e005

(4.21)

Step response and bode plot of the new sub-model are shown in Figure 4-19 and
Figure 4-20. The results show that the increase in the value of K; has almost no
effect on the corresponding sub-model.
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Figure 4-20. Bode plot of the new sub-model in response to increase in K;.

The sensitivity of the sub-model shown in Figure 3

Ki can be calculated as:
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AHq (S)/H ©
1

(4.22)

AK; /e
i

S < imax (S)

where AH;(s) and AK; are the changes in the values of H;(s) and K;.

Accordingly;

7.312€00652+1.518€0115—42.71
1.757€004s3+1.198€00952+2.717e0135+2.051€017
0.1488

(4.23)

1
imax (S)

S

(4.24)

4.913e007s%+41.02e012s—287
1.757e004s3+1.198e009s%2+2.717e013s+2.051e017

S < imax (S)

Magnitude plot of Sg; max(S) is shown in Figure 4-21. It is observed that the

sensitivity of the sub-model to the increase in the value of K; is almost O until the

moderate frequency values. Even, the magnitude of S 1i,max is 0.063 at moderate

frequency values; then, the sensitivity of the sub-model decreases again with

increasing frequency.
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Figure 4-21. Magnitude response of Sk max 1(S)-
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Similarly, for Ki=93858.13, the overall transfer function of the sub-model shown
in Figure 3-28 becomes as:

247.55+5.162e006
8.4255+1.549e005

H{'(s) = (4.25)

Step response and bode plot of the new sub-model are shown in Figure 4-22 and
Figure 4-23. The results show that the decrease in the value of K; has almost no
effect on the corresponding sub-model.

Step Response

BES———— L _________ . _________ :p---------l---------l---- T -
e l ......... System: h1_ —
! ' : ' Time (=zec): 0.000345
- Amplitude: 33.3 —
r--------- Tommmmmmm e Tommmm--- —
_S _________ R, O, Locmmmeooo JI. _________ JI. _________ Loooooooo —
= : : :
= ' '
E‘ _________ | I | JI. _________ JI. _________ [ I p—
""""" T""'""':'""""'T""""_
_________ J._________J:._________J._________
| | |
1.5 2 25 3 35
Time (s&ec) w10t

Figure 4-22. Step response of the new sub-model in response to decrease in K.
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Bode Diagram
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0.1488

4.913e007s2
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Figure 4-23. Bode plot of the new sub-model in response to decrease in K.

The sensitivity of the sub-model shown in Figure 3-28 to decrease in the value of
Magnitude plot of Sg; mi»(s) is shown in Figure 4-24. It is observed that the
sensitivity of the sub-model to the increase in the value of K; is almost 0 until the

Ki can be calculated as:
1
S imin (S)
moderate frequency values. Even,

S ¢ imin (S)
S ¢ imin (S)



frequency values; then, the sensitivity of the sub-model decreases again with

increasing frequency.

Bode Diagram

R R
I, Sy=tem: =enszitivity_1kimin_sub1 |1
' | Frequency (radizec): 1.55=+004 |,
' Magnitude (dB): -23.8

M agnitude (dE

Frequency (rad/zec)

Figure 4-24. Magnitude response of Sg; min_1(S)-

4.2.2.2 Sensitivity Analysis of the Closed Loop Sub-Model for the

Constant DC Term with respect to the Integral Constant

For K;=121809.35, the overall transfer function of the sub-model shown in Figure
3-29 becomes as:

55s
8.4255+2.01e005

Hy(s) = (4.29)

Step response and bode plot of the new sub-model are shown in Figure 4-25 and
Figure 4-26. The results show that the increase in the value of K; has almost no
effect on the corresponding sub-model.
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Figure 4-25. Step response of the new sub-model in response to increase in K.

Bode Diagram
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Figure 4-26. Bode plot of the new sub-model in response to increase in K;.

The sensitivity of the sub-model shown in Figure 3-29 to increase in the value of

Ki can be calculated as:
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AH, (S)/H ©
2

, 4.30
) (4.30)

SI%i,max (S) =

where AH,(s) and AK; are the changes in the values of H,(s) and K;.

Accordingly;

1.207e007s+2.505e011 )
390452+1.74—2€008$+1.934—€012
(4.31)

0.1488

=(

SI%i,max (S) =

8.107e007s+1.683e012 )
3904s2+1.742e008s+1.934e012

SI%i,max(S) = —( (4.32)
Magnitude plot of Sg; max(s) is shown in Figure 4-27. It is observed that the

sensitivity of the sub-model to the increase in the value of K; is almost 0 at high

frequencies and even less than 1 at low frequencies.

Bode Diagram

M agnitude (dB)

Frequency (rad/sec)

Figure 4-27. Magnitude response of Sk max 2(S)-

Similarly, for Ki=93858.13, the overall transfer function of the sub-model shown
in Figure 3-29 becomes as:
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55s
H) (s) = 4.33
2 (5) 8.4255+1.549e005 (4.33)

Step response and bode plot of the new sub-model are shown in Figure 4-28 and

Figure 4-29. The results show that the increase in the value of K; has almost no

effect on the corresponding sub-model.

Step Response

Amplitude

0 0.5 1 15 2 25 3 35
Time (sec) 107

Figure 4-28. Step response of the new sub-model in response to decrease in K.
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Figure 4-29. Bode plot of the new sub-model in response to decrease in K.

The sensitivity of the sub-model shown in Figure 3-29 to decrease in the value of

Ki can be calculated as:

AH, (s)
Do)

(4.34)

AK; /e
i

S 2i,min (S)

)

9.305€e006s+1.932e011

(4.35)

0.1488

(

390452+1.528e0085+1.49e012

imin (S) =

2

S

(4.36)

)

8.107e007s+1.683e012
3904s2+1.528e008s+1.49e012

= —(

S 2i,min (s)

It is observed that the

30.

min(S) is shown in Figure 4

i’

2

Magnitude plot of S

model to the increase in the value of K; is almost 0 at high

sensitivity of the sub

frequencies. However, it seems that the system is slightly sensitive to the increase
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in the value of K; at low frequencies because magnitude of S,%i,min(s) is slightly

greater than 1.

Bode Diagram
10 r —

Magnitude (dB)

Frequency (radizec)

Figure 4-30. Magnitude response of Sk; min_2(S).

4.2.3 Sensitivity Analysis with respect to the Transconductance

Parameter

K, parameter of MOSFET is a dynamic parameter and it may vary due to
transistor mismatches. As it is stated before, K, parameter of the low side
MOSFETSs are calculated as 110A/V2. In the analysis, the effect of a drastic
increase in the value of K, parameter of the MOSFETS are tested.

4.2.3.1 Sensitivity Analysis of the Closed Loop Sub-Model for Step
Input Current Command with respect to the

Transconductance Parameter

For K,=220A/V?, the overall transfer function of the sub-model shown in Figure
3-28 becomes as:
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4955+1.116€007
15.855+3.499e005

H{(s) = (4.37)

Step response and bode plot of the new sub-model are shown in Figure 4-31 and
Figure 4-32. The results show that the increase in the value of K, causes a
decrease in the bandwidth of the corresponding sub-model. However, the steady-
state value of the step response of the system does not change.

Step Response

33.5 T T
__________________________ ._
. System: hl_
Time (sec). 0.000254 |
Amplitude; 33.3
B —
=
=
g
3 l |
0 1 2 3
Time (sec) w10

Figure 4-31. Step response of the new sub-model in response to increase in K.
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Bode Diagram
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Figure 4-32. Bode plot of the new sub-model in response to increase in K.

The sensitivity of the sub-model shown in Figure 3-28 to increase in the value of
Kn can be calculated as:

AHl(S)/H (s)
1
Skn,220(8) = T (4.38)

n

where AH,;(s) and AK, are the changes in the values of H;(s) and K,.

Accordingly;

208553+9.243€00752+6.555€0125
1 __ 3.305€00453+2.195€00952+4.851€0135+3.57€017
Skn,220(8) = : (4.39)

2085s3+9.243e007s%246.555€012s
3.305e004s3+2.195e009s%2+4.851e013s+3.57e017

SI%n,ZZO(S ) = (4.40)
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Magnitude plot of Sk, 520(s) is shown in Figure 4-33. It is observed that the

sensitivity of the sub-model to the increase in the value of K, is very low. In fact,
K, is modeled as a gain parameter of the plant function of the sub-model with Vps
of the MOSFETSs and it would be expected that any increase in the value of K,
affect the response of the system dramatically. However, as it is seen from both
Figure 4-31, Figure 4-32 and Figure 4-33, the sensitivity of the system in response

to variation in the value of K is very low.

Bode Diagram

hMagnitude (dBE}

&0 H R | H R R | H R
10 107 107 10
Frequency (rad/sec)

Figure 4-33. Magnitude response of Sk 220 1(S).

4.2.3.2 Sensitivity Analysis of the Closed Loop Sub-Model for
Constant DC Term with respect to the Transconductance

Parameter

For K,=110A/V?, the overall transfer function of the sub-model shown in Figure
3-29 becomes as:

110s
+3.499e005

H2(9) = 555 (441
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Step response and bode plot of the new sub-model are shown in Figure 4-34 and

Figure 4-35. The results show that the increase in the value of K, has almost no

effect on the corresponding sub-model.

Step Response

g |

S
S

S S

4l .
) IR U

apnydwry

P

=10

Time (sec)

Figure 4-34. Step response of the new sub-model in response to increase in K.
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Figure 4-35. Bode plot of the new sub-model in response to increase in K,.

112



The sensitivity of the sub-model shown in Figure 3-29 to increase in the value of

K, can be calculated as:

AH, (s)
’ /Hz(s)

(4.42)

+9.622e006s

2

463.4S
__ 73445243.146€0085+3.367€012
1

AK, /e
n

where AH,(s) and AK, are the changes in the values of H,(s) and K,.

SI%n,ZZO (s)
Accordingly;

(4.43)

SI%n,ZZO(S)

(4.44)

463.45%249.622e006s
7344s2+3.146e€008s+3.367e012

SI%n,ZZO(S)

Magnitude plot of Sz, 550(s) is shown in Figure 4-36. It is observed that the

sensitivity of the sub-model to the increase in the value of K, is very low like the

other sub-model.
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Figure 4-36. Magnitude response of Skn 220 2(S).
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4.2.4 Sensitivity Analysis with respect to the Total Feedback Gain

The values of the resistances comprising the feedback gain, which has the value of
0.25kQ, 0.5kQ and 10mQ as shown in Figure 3-10 and Figure 3-5. Any variation
in these values directly affects the value of the LD current. Considering the
tolerances in the values of the resistances, the maximum and minimum value of

the feedback gain can be calculated as below:

Fpax=""om 2202 5 (0010 X 1.001) =0.0304 (4.45)

F . _0.5k02x0.99+0.25k0X1.01
min 0.25k0x1.01

X (0.01Q % 0.999) =0.0296 (4.46)

4.2.4.1 Sensitivity Analysis of the Closed Loop Sub-Model for Step
Input Current Command with respect to the Total
Feedback Gain

For F=0.0304, the overall transfer function of the sub-model shown in Figure 3-28

becomes as:

247.5s+5.832e006
8.5245+1.773e005

Hi(s) = (4.47)

Step responses of the actual sub-model and new sub-model are shown in Figure
4-37 and Figure 4-38. The results show that the increase in the value of F causes a
1.2A-decrease in the value of the LD current at steady-state, which is an expected
result due to change in the value of the LD current information coming from the
feedback.
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Figure 4-37. Step response of the actual sub-model.
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Figure 4-38. Step response of the new sub-model in response to increase in F.

The sensitivity of the sub-model shown in Figure 3-28 to increase in the value of

Ky can be calculated as:
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AH, (s)
' /H1(S)

SI%,max(S) = T/F (4.48)

where AH; (s) and AF are the changes in the values of H; (s) and F. Accordingly;

206.453+1.401€007s2+3.166€0115+2.38€015 )
1.774€004s3+1.158€00952+2.508e0135+1.809€017 (4 49)

0.0133

=(

SI},max (S) =

1.548e004s3+1.051e009s%+42.375e013s+1.785e017
1.774€004s3+1.158e009s2+2.508e013s+1.809e017

SI%,max(S) = —( ) (4.50)
Magnitude plot of S7 4, () is shown in Figure 4-39. It is observed that the

sensitivity of the sub-model to the increase in the value of F is even less than 1 at

low frequencies which is an expected result and decreases with increasing

frequency.
Bode Diagram
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Figure 4-39. Magnitude response of Sg max 1(S).

Similarly, for F=0.0296, the overall transfer function of the sub-model shown in

Figure 3-28 becomes as:
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o N _ 247.55+5.832e006
Hi(s) = (4.51)
8.3265+1.726e005

Step response of the new sub-model is shown in Figure 4-40. The results show
that the decrease in the value of F causes a 1.5A-increase in the value of the LD
current at steady-state, which is an expected result due to change in the value of

the LD current information coming from the feedback.
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Figure 4-40. Step response of the new sub-model in response to decrease in F.

The sensitivity of the sub-model shown in Figure 3-28 to increase in the value of

F can be calculated as:

AH4 (s)/H ©)
1

SI},min (S) = T (4.52)

206.453+1.401€007SZ+3.166€011$+2.38€015
Sl ( ) — 1.736e004s3+1.138e00952+2.445e013s+1.761e017 4 53
Fmin\S) = —0.0133 (4.53)
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1.548e€004s3+4+1.051e009s%+2.375e013s+1.785e017
1.736e004s3+1.138e009s2+2.445e013s+1.761e017

St min(s) = —( ) (454)

Magnitude plot of Sg i, (s) is shown in Figure 4-41. It is observed that the

sensitivity of the sub-model to the decrease in the value of F is slightly greater
than 1 at low frequencies, which is an expected result and decreases with

increasing frequency.

Bode Diagram
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Figure 4-41. Magnitude response of Sg min 1(S).

The closed loop system is sensitive to the variations in total feedback gain which
may cause a 1A deviation in the value of the LD current, which can be handled by

using more precise resistors in the feedback of the closed loop system.

4.2.4.2 Sensitivity Analysis of the Closed Loop Sub-Model for
Constant DC Term with respect to the Total Feedback

Gain

For F=0.0304, the overall transfer function of the sub-model shown in Figure 3-29

becomes as:
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55s
H, = 4.55
2(S) 8.5245+1.773e005 (4.55)

Step responses of the actual sub-model and new sub-model are shown in Figure
4-42 and Figure 4-43. The results show that the increase in the value of F has
almost no effect on the corresponding sub-model because the steady-state value of

the step response of the corresponding sub-model is 0.

Step Response

Amplitude

Time (zec) <10

Figure 4-42. Step responses of the actual sub-model.
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Figure 4-43. Step response of the new sub-model in response to increase in F.

The sensitivity of the sub-model shown in Figure 3-29 to increase in the value of

Ky can be calculated as:

AH, (s)
’ /Hz(s)

Slg,max (S) = T/F (4.56)

where AH,(s) and AF are the changes in the values of H,(s) and F. Accordingly;

45.87sz+2.033e006s+2.244e010)

—(
2 — 395052+1.642€008$+1.7068012
SFmax(s) = 20t (4.57)

S2 (s) = (344152+1.525e0085+1.683e012
Fmax’>/ ™ 3395052+1.642008s+1.706€012

) (4.58)

Magnitude plot of SZ .4 (s) is shown in Figure 4-44. It is observed that the

corresponding sub-model is almost insensitive to the increase in the value of F.
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Figure 4-44. Magnitude response of Sg max 2(S).

Similarly, for F=0.0296, the overall transfer function of the sub-model shown in
Figure 3-29 becomes as:

55s
8.326s5+1.726e005

Hy/ (s) = (4.59)

Step response of the new sub-model is shown in Figure 4-40. The results show
that the decrease in the value of F has almost no effect on the response of the

corresponding sub-model.
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Figure 4-45. Step response of the new sub-model in response to decrease in F.

The sensitivity of the sub-model shown in Figure 3-29 to increase in the value of

F can be calculated as:

AH, (s)/H ©)
2

SE min(s) = . (4.60)

45.8752+2.033e006s+2.244e010)

2 — _(385852+1.601€008S+1.661€012
St min(s) = 0.0133 (4.61)

3441s2+1.525e008s+1.683e012
385852+1.601e008s+1.661e012

Stmin(s) = —( ) (4.62)
Magnitude plot of Sg i, (s) is shown in Figure 4-46. It is observed that the

sensitivity of the sub-model to the decrease in the value of F is slightly more than
1 at low frequencies which is considered that it is insufficient to disturb the

response of the overall system.
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Figure 4-46. Magnitude response of Sg min 2(S).

4.3 Sensitivity Analysis of the Transient Response of the Closed

Loop Current Control

In this part of the thesis, the factors affecting the transient response of the closed
loop current control of the LD driver is analysed. One of these factors is the value
of the additional gate resistor for each low side MOSFET. The other factors are
the values of the proportional constant (K,) and the integral constant (K;) which
also affects the steady-state response of the system as stated in previous section.

4.3.1 Effect of the Additional Gate Resistor on the Closed Loop

Current Control

The value of the additional gate resistor is very critical for the performance of the
driver. If the value of the resistor is extremely high, then the rise time and the fall
time of the load current become high. On the other hand, if the value of the
resistor is extremely low or not high enough, the overshoot or the oscillations on
the load current can be observed. Hence, there is a trade-off between rise and fall
times and the overshoot characteristics of the load current. Figure 4-47 shows the

simulation results of two cases which are the gate drive with low resistance value
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and the one with high resistance value. The amplitude of the input command is
determined as 1.5V so as to generate 100A current flowing through the LD series.
As it is observed from Figure 4-47 (a), there are too many oscillations observed
on the load current for only 100Q2 MOSFET gate resistance, which disturbs the
stability of system. On the other hand, in Figure 4-47 (b), no oscillations or even
an overshoot are observed on the load current when the gate resistance of the
MOSFET is increased to 3kQ. However, rise and fall times of the current are
measured as 20us and 30us, respectively, which are larger than 10us. As a result,
the value of the additional gate charge resistor is selected as 1.33kQ. Accordingly,
the resultant LD current is obtained both theoretically and experimentally as
shown in Figure 3-18 and Figure 4-3, respectively. While theoretical rise time and
fall time measurements of the LD current are approximately 9us and 0.55us,
respectively; experimental rise time and fall time measurements of the LD current

are 9.45us and 1.2ps, respectively.

ILD (A) - RGate= 1000hm

000

650.0975n5  650.1200ns 650.1600ns 650.2000n5 650.2400n5 650.2800Nn5 650.3200ms
0 I(U14:LD) Time (ms)

(a)

=

= 3kiloohm

n

ILD (A) - RGate

o=

650.0974ns 650.1200ms 650.1600ns 650.2000ns 650.2400ms 650.2800ns 650.3200ms
oI (U14:LD) Time (ms)

b)

Figure 4-47. ORCAD simulations of 100A LD current (a) for 100Q gate resistance, (b) for

3kQ gate resistance.
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4.3.2 Sensitivity Analysis with respect to the Proportional

Constant

The effect of the variation in the value of the resultant K, due to tolerances in the
values of the resistances on the steady-state response of the system was analysed
in previous section. In this part, further increase and decrease in the value of the
resultant Kp is analysed both using MATLAB on the developed closed loop sub-
model for steady-state response of the system and the ORCAD simulations.
Although the closed loop sub-model may not give precise results for the transient
response of the system, it gives a general idea about the transient behaviour of the
LD current.

In these analyses, the new values of K are determined as 100 and 1 to see further

increase and decrease in its value.

4.3.2.1 Effect of the Increase in the Value of the Proportional

Constant

For K,=100, the overall transfer function of the sub-model shown in Figure 3-28

becomes as:

5500s+5.832e006
166s+1.749e005

Hi(s) =

Step responses of the actual and the new sub-model are shown in Figure 4-48 and
Figure 4-49. The results show that the increase in the value of K, has decreased
the rise time of the LD current from 8.44pus to nanosecond levels. However, since
the switching behavior of the low side MOSFETs is not modeled in the
corresponding sub-system, this analysis alone may not give completely an

accurate result.
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Figure 4-48. Step response of the actual sub-model.
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Figure 4-49. Step response of the new sub-model for K,
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The more realistic analysis is made with the ORCAD simulations. Figure 4-50
shows the effect of the increase in the value of K, on the transient behaviour of
the LD current. While further increase in the value of K, decrease the value of the
rise time slightly, it causes overshoot and undershoot at load current. However, it
is observed that the decrease in the rise time is limited to a value of 8us because

of the additional gate resistor.

fon-

ILD (A)

(& =a! i | ; ; : < : ; i |
650, B2Ens a5 0, 1 Hlns 650, 20ns G50, 3 0bns 65 0. 3B5ms

ICEIS LD Time :ms]

Figure 4-50. ORCAD simulation of the LD current with Kp=100.

4.3.2.2 Effect of the Decrease in the Value of the Proportional

Constant

For Ky,=1, the overall transfer function of the sub-model shown in Figure 3-28

becomes as:

555+5.832e006
2.655+1.749e005

Hi'(s) =

Step responses of the actual and the new sub-model are shown in Figure 4-48 and

Figure 4-51 The results show that the decrease in the value of K has increased the
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rise time of the LD current from 8.44ps to 20us. However, since the switching
behavior of the low side MOSFETSs is not modeled in the corresponding sub-

model, this analysis alone may not give an accurate result.

Step Response

Amplitude

Time (zec) w10

Figure 4-51. Step response of the new sub-model for K =1.

The more realistic analysis is made with the ORCAD simulations. Figure 4-52
shows the effect of the decrease in the value of K, on the transient behaviour of
the LD current. The decrease in the value of K, has increased the value of the rise
time from 9us to 13ps. It has also caused an increase in the settling time of the
load current. As it is seen from Figure 4-52, the load current cannot reach the
steady-state value in 200us pulse time period. This is an expected result, because

further decrease in the value of K, slowdowns the PI controller.

128



................

_______________

.............

ILD (A)
&

______________

-0
.

558.8934ms 558.1286ms 558.1686ms 558.2800ns 558.2400ms 558.28080ms
O I{UA5:LD)
Time (ms)

Figure 4-52. ORCAD simulation of the LD current with Kp=1.

4.3.3 Sensitivity Analysis with respect to the Integral Constant

The effect of the variation in the value of the resultant K; due to tolerances in the
values of the resistances on the steady-state response of the system was analysed
in previous section. In this part, further increase and decrease in the value of the
resultant K; is analysed both using MATLAB on the developed closed loop sub-
model for steady-state response of the system and the ORCAD simulations.
Although the closed loop sub-model may not give precise results for the transient
response of the system, it gives a general idea about the transient behaviour of the
LD current.

In these analyses, the new values of K; are determined as 1000000 and 1 to see

further increase and decrease in its value.
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4.3.3.1 Effect of the Increase in the Value of the Integral Constant

For K;=1000000, the overall transfer function of the sub-model shown in Figure
3-28 becomes as:

247.5s+5.5e007
8.4255+1.65e006

Hi(s) =

Step responses of the actual and the new sub-model are shown in Figure 4-48 and
Figure 4-53. The results show that the increase in the value of K; has decreased the
rise time of the LD current from 8.44ps to 0.856us. However, since the switching
behavior of the low side MOSFETSs is not modeled in the corresponding sub-

model, this analysis alone may not give an accurate result.
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c/ ---------- R R R .
g ] | | | |
0 0.5 1 1.5 2 25 3

Time (zec) 10

Figure 4-53. Step response of the new sub-model for K;=1000000.
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The more realistic analysis is made with the ORCAD simulations. Figure 4-54
shows the effect of the increase in the value of K; on the transient behaviour of the
LD current. The increase in the value of K; has decreased the value of the rise
time slightly. It is observed that the decrease in the rise time is limited to a value
of Sus because of the additional gate resistor. Furthermore, it has caused an
increase in the settling time of the load current and an overshoot at the load

current.

.............

.............

g-n—— —— —— —— —— :
680, 8263ms 680.1200ms 688.1680ms 6808.20800ms 688.2480ms 6808.2800ms
o I{U4A5:LD})

Time (ms)

Figure 4-54. ORCAD simulation of the LD current with K;=1000000.

4.3.3.2 Effect of the Decrease in the Value of the Integral Constant

For Ki=1, the overall transfer function of the sub-model shown in Figure 3-28

becomes as:

247.55s+55
8.4255+1.65

Hi'(s) =

Step responses of the actual and the new sub-model are shown in Figure 4-48 and

Figure 4-55. The results show that the decrease in the value of K; has increased the
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rise time of the LD current from 8.44us to 0.868sec, which means that the load
current cannot reach the desired value in 200us pulse time period. However, since
the switching behavior of the low side MOSFETs is not modeled in the

corresponding sub-model, this analysis alone may not give an accurate idea result.
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Figure 4-55. Step response of the new sub-model for K=1.

The more realistic analysis is made with the ORCAD simulations. Figure 4-56
shows the effect of the decrease in the value of K; on the transient behaviour of
the LD current. The decrease in the value of K; has changed the settling point of
the load current. It settles to 60A instead of 100A. This is an expected result,
because the time period of 200us is not enough for the load current to reach the
desired value. In fact, the controller in the design can be considered as a P
controller because K; is negligibly small in this case. Therefore, it is observed that

there is a considerable drift from the desired current value.
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Figure 4-56. ORCAD simulation of the LD current with K;=1.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In this thesis, a fast and high power pulsed LD driver for laser range finder based
on linear current source topology is simulated using ORCAD and MATLAB and
the simulation results are compared and discussed with the actual experimental

results.

The major contribution of this thesis is the PI controller that can be used to avoid
the expected drift and noise problems that may be generated in case of using only
a P controller [8] or a PID controller [9] for the non-linear loads.

The major works accomplished in the thesis are listed as follows:

e Protection of the LDs against surge current during input capacitor
charging prior to firing is achieved.

e Protection of the LDs against overcurrent, short circuit current and
overvoltage is achieved via software.

e Protection of the LDs against overcurrent is also achieved with an analog
protection network which is an alternative precaution to digital protection
in case of a failure in the software or the programmable IC physically.

e The driver is able to lock itself in protection mode, which means that it
prevents the input capacitor charging and LD firing in case of a failure in
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normal operating conditions although the necessary commands for
capacitor charging and LD firing are still sent by the user, until it receives
a reset signal.

e Protection of the external power supply during capacitor charging is
provided via a soft starting network.

e The driver has a user interface for the determination of the properties of
the load current.

The LD driver proposed in this thesis supplies current pulses up to 120A for two
LD arrays, each of which consists of five LDs. The width and frequency of the
current pulses are within the ranges of 200us to 300us and 20Hz to 40Hz,

respectively.

MATLAB and ORCAD simulation results and actual experimental results are
proved to be compatible. Experimental results show that rise and fall times of the

current pulses meet the requirements of the driver.

The fast and high power pulsed laser diode driver realized in this thesis effectively
reduced the current regulation to less than 1% and eliminated the transients
sufficiently as expected. Furthermore, the overshoot and undershoot of the diode
currents are diminished to a value less than 1% of steady-state value,

consequences of which improved the load current regulation.

Sensitivity analysis of the sub-systems for steady-state closed loop model shows
that the system is almost insensitive to the variations in the values of K,, K; and
K, due to tolerances in the values of the resistances and the MOSFET
mismatches. However, even 0.133% change in the value of the total feedback gain
causes 1.5A change in the LD current. However, that does not disturb the current
regulation performance of the system and can be minimized by using more precise
resistors in feedback stage of each closed loop system.

Sensitivity analysis of the system for transient response shows that the system is
sensitive to large variations in the values of K, and K;. However, the changes in
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the transient response of the system due to large variations in the values of K, and
Kj is not expected because the values of the resistances in the controller can only
change due to their tolerances. Moreover, the additional gate resistance is very
critical for the transient response of the closed loop system. If the value of the gate
resistance is selected larger than enough, the rise time of the LD current becomes
larger. On the other hand, if the value of the gate resistance is selected very small,
small rise times can be achieved; however, overshoot and undershoots may be
observed in the load current waveform, which is undesirable for the safe operation
of the LDs.

The advantages of the LD driver proposed in the thesis when compared to the
other topologies which exist in the literature are as follows:

e The proposed LD driver is directly supplied from a DC input. Therefore,
there is no need for an isolation stage between input and control circuit
and current amplification when compared to other topologies being fed
from an AC source.

e The level, pulse frequency and pulse width of the LD current are
determined by only one reference input in the control stage of the
proposed method. Therefore, there is only one control loop for each LD
array when compared to the solutions having multiple control loops.

e The current sense network done in the proposed method provides a
feedback signal for both current control and the protection circuitries
when compared to other solutions in which the current sense network is
only used for current control.

e Current regulation is totally accomplished by the control circuit in the
proposed method while it depends on the values of passive components in
SMPS solutions.
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5.2 Future Work

In the future, for a more dependable LD driver, functions of the "Laser Control
Card" can be embedded into the LD driver so that the interaction of the user with
the driver can directly be achieved and the LD driver can be able to provide the
necessary supply voltages for the ICs. Moreover, the external power supply
feeding the input capacitors can be embedded into the driver so that the driver can
work independently. These improvements will also simplify test of the LD driver.
However, these improvements will make the PCB design of the driver extremely
difficult because both switching regulators and the LD current control sensitive to
the noise will be implemented on a single board. This will bring the necessity of

electromagnetic interference precaution in the driver.

In addition, an analog op-amp based PI controller is used in the driver. Instead of
an analog controller, a digital controller technique can be tried. However, the
difficulty is that the severe regulation and rise and fall times of the LD current.
The digital controller must be fast enough in order to get a lot of samples from the
LD current in order to get at least similar performance obtained from the analog
controller. In fact, the main problem is the severe rise and fall time (10us) of the
system. During rise and fall periods, the digital controller has to obtain a lot of
samples from the LD current in order to prevent the overshoots and oscillations.
However, the microcontrollers manufactured nowadays are not fast enough to

achieve this.
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