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ABSTRACT

A Diode-Clamped Resonant Gate Driver Network is popular in high switching
frequency applications. The objective of this project is to perform analysis on the
overall performance and efficiency of converter by doing experiment. The duty ratio,
resonant inductor value and the dead time are the parameters that influence on the
switching losses and other losses in the gate drivers. From the previous work which is
done through simulation, it is found that optimized value of inductor is 9nH. By doing
experiment work, to maximize capability of RGD circuit, the varied duty ratio by
constructing PWM generation network, fixed inductance value of almost 9nH and
varied the dead time has been chosen. In the end, it is found that the overall
performance for high switching frequency converter are easily influenced by the low
capability of the equipments and circuit constructions in the experiment that may lead

to the switching losses in the network.
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CHAPTER 1
INTRODUCTION

1.1 Background of study

The purpose of resonant gate driver is to improve the gate drive efficiency by
means of recovering the energy stored in the input capacitance of the power
MOSFET. Usually, to accomplish this task, a resonant circuit is used. Hence, at least
an inductor is necessary to be included in the gate drive network [1]. In recent years,
there are many resonant gate drive have been introduced such as the diode-clamped
resonant gate driver. This network is studied to explore the limitations of resonant

current based on fixed inductance value.

1.2 Problem statement

In order to achieve high efficiency in high switching applications such as
resonant gate driver, to be more specific the diode-clamped Resonant Gate Driver
(RGD), too many parameters should be considered even though this network is
recognized successfully in recovering the energy in the circuit without high
dissipation at the input source [2]. Hence, there are some restrictions in RGD circuit
design which is inductor value and its current must be optimized and followed to
certain factors. The study is to verify and determine the effects on the inductor and its
current value by varying the applied pulse width to the switches (gate drivers) in the
diode-clamped RGD network, whether it will create higher switching losses that may
lead to the low efficiency of this network.

In this project, Pulse width modulation (PWM) is generated within its duty
cycle of 20% to 60%, by considering the dead time value and effects of pulse width to

the resonant current in the RGD network. The selection of pulse width modulator



should be clear and it operates in high frequency range of IMHz in order to get the

best result of PWM signal that will be used together in RGD network analysis.

1.3 Objectives

During completing the work, there are some objectives need to be achieved, which

are:

1.4

* To do study and understand about diode-clamped resonant gate driver
network.

* To design the PWM generation network.

* To integrate PWM generation network with DC-RGD

* To validate the diode-clamped RGD network by experimentally.

Scope of study

Throughout this project, the study listed as follows:

e Conceptual and theory.

In this stage, all information related with the diode clamped resonant gate driver

network are collected and reviewed.
e Construction and experimenting.

After all ideas and information gathered, PWM generation network will be
constructed and tested. Next, it will be integrated with the diode clamped resonant
gate driver before the experiment of the whole circuits can be implemented based

on the specifications in the voltage supply and in the switching frequency.
e Overall analysis

Throughout the experiment, all results obtained should be analyzed and discussed.
Then, its performance assessment will be handled and validated according to the

Pspice simulation results.



CHAPTER 2
LITERATURE REVIEW

2.1 Pulse width modulation

A modulation technique that generates variable-width pulses to represent the
amplitude of an analog input signal. Like its fixed-width pulse density modulation
(PDM) cousin, the output switching transistor is on more of the time for a high-
amplitude signal and off more of the time for a low-amplitude signal. PWM is widely
used in the common "switch-mode" power supplies that convert AC power to DC for
computers and other electronic devices. It is also used to control the speed of a DC

motor [3].

Pulse width modulation is used to reduce the total power delivered to a load
without resulting in loss, which normally occurs when a power source is limited by a
resistive element. The underlying principle in the whole process is that the average
power delivered is directly proportional to the modulation duty cycle. If the
modulation rate is high, it is possible to smooth out the pulse train using passive

electronic filters and recover an average analog waveform[4].

High frequency pulse width modulation power control systems can be realized
using semiconductor switches such as MOSFET. Here, the discrete ON or OFF state
of the modulation itself can be used to control the switches, thereby controlling the
voltage or current across the load. The major advantage with these types of switches
is that the voltage drop across it during conducting and non-conducting states, is

ideally zero[4]. Figure 1 is the example of consistent PWM signal:



Vsource

W

Tme

Figure 1 The example of PWM signal

In this project, PWM will be applied to the gate driver of diode clamped
resonant gate driver with the different duty ratio (20%-60%). Basically, there are two
pulses as in figure applied to the MOSFET Q; and Q; that is complementary turn-on
and turn-off. For this circuit, supposed that both MOSFETs do not turn-on at the same
time to avoid shoot-through [5].

ON ON I—]

Iy Q1 '
ol %F‘&
]O!:F; —
|I|
lll
by |
'lll
I
a2 =ON| _QZ—’I_
e
oFf; | OFF %
P I :
IR
Td Td

Figure 2 Synchronous switching using PWM
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2.2 Duty ratio or duty cycle

Duty cycle is the proportion of time during which a component, device, or
system is operated. In the switch duty cycle, this is defined as the ratio of the on

duration of the switch to the switching time period.

Duty cycle,

— ton 1
D = (1)

Where 1, is duration that the switch ON and 7 is the switching time [6].

Duty cycle also can describe as the duration of ON-time in one complete
switching cycle [5]. In this project, by varying duty ratio, D will determine the
charging and discharging current time of the resonant inductor, 7. as given in (2)
where C;, is the input capacitance of S; in DC-RGD circuit.

(2)

2.3 Dead time, #;

The dead time is the period of none of the switch (MOSFET) is in turn-on
condition. It is between the turn-on time of MOSFET Q; and MOSFET Q5. During
this period, there is no signal generated and applied to any switches. The important of
the dead time is to avoid shoot-through or cross conduction between the gates of O,
and O, since both switches conducting complementarily [5]. Practically, the
significance of applied the dead time in the signal is to make sure that the pulses
applied must be complement to each other. It is shown in figure 3.

0
Z
0
Z

7: . 3 To Q1
L] ‘ -
topet | | T =
] I '| 1
i 1,
T 3 4
i 1 e
] ' opa ]
D] : : { To 2=
oOFF, oOFF >
=_. _!____
— Tda‘ Tde

Figure 3 The effect of dead time on driving pulses
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2.4 Cross conduction

Cross conduction is a phenomenon which O, and Q, are either fully or
partially turned on when it provides a path for current to shoot-through from supplied
voltage to the ground [9]. It is also can happen if the induced voltage is larger than
gate threshold voltage of O, which could be turned-on while Q; is turn-on. This may
lead to the excessive power dissipations on both switches and make the devices
failure to operate [5]. Hence, choosing the right MOSFET and the right dead time will
eliminate this phenomenon.

2.5 Synchronous buck-converters

Buck converter is a step-down converter produces a lower output voltage than
the DC input voltage, V. It is widely used in electronics field as its main application
is in regulated DC power supplies and DC motor speed control [6]. A DC-RGD
circuit is one of the synchronous buck-converter designs. Synchronous rectification
increases the efficiency of a buck converter by replacing the Schottky diode with a
low-side N-channel MOSFET because the resultant voltage drop accross MOSFET
can be smaller than forward voltage drop of Schottky diode[9]. Its topology as shown

in figure 4:
Upper
( MOSFET T
Synchronous PWM NV
V. Control 4I L—Ouﬁput
s O
> C e
Lower Icl
MOSFET

Figure 4 Synchronous buck-converter topology [10].

The average output voltage of buck converter can be calculated as:

5
n:%:nvs 3)

By varying the duty ratio, D the output voltage can be controlled. Usually, two
controlled switches, upper MOSFET and lower MOSFET, to achieve unidirectional

6



power flow from input to output. The converters also use one capacitor and one
inductor to store and transfer energy from input to output. They also filter or smooth
voltage and current. When the switch, upper MOSFET is on in ON-time, #,, the
switch conducts the inductor current, i;. When it is in OFF-time, the lower MOSFET
will take over to turn-ON to circulate inductor current and make path for inductor
current to discharge. The average inductor current must be equal to the DC current

through the load [6]. It is express as in (4).

ILaverage = lo = R 4)
Where,
Iy= output current
Vo= output voltage

R= load for converter

The output capacitor is assumed to be so large as to yield vo (f) =Vo
.However, the ripple in the output voltage with a practical value of capacitance can be
calculated as in (5) and (6).

A‘l’o

=Tty () )

Where f; is a switching frequency,

1
fe = vic (6)

From the equations above, the voltage ripple can be minimized by selecting a
corner frequency, f. of the low pass filter at the output such that f .<<f;. Besides, the
ripple is not depend on output load power, as long as the converter is operates in

continuous conduction mode [9].



2.6 Limitations and implications on diode-clamped RGD circuit

> * > 4
| O
ON ON \
{ | vP L. D,
{ J | \
OFF OFF ‘ . Load
Lo
V, I 1 ot I
.- — = S T
Ca ;
( 0;
ON ON l 74
’ : D gs S
sz —— = 2 |
OFF OFF
S il < i ! ! ‘

Figure 5 The diode-clamped resonant gate driver with voltage pulses[2]

Based on [5], high power MOSFET is chosen as a switch because it could
operate up SMHz. But, there are limitations and implications of duty ratio, D, dead
time, f; and resonant inductor, L, in RGD circuit. In many RGD network, driving
switches contribute more losses compared to losses due to conduction and gate [5].
Based on figure 5, the gate is driven by a voltage source, V; of 12V. By applying
pulse VP; and VP, to Q; and Q- respectively will cause switch Q; and Q> conducting
complementarily. The period of turn-on of switch Q; will cause the inductor current
to increase and it is charged to the maximum value as well as Vg, 5. Hence, it will
exponentially clamp up the Vg 5; at 12V. The duration time of charging current
through the inductor is depends on the value of L,. Once Q; is turn-OFF, Q> will turn-
ON after some specified time. This duration of time is called dead time, 74 . The
clamped voltage of 12V at V 5 will discharge back to zero. The resonant inductor
current is charged again to its maximum value but in negative direction. With the
considerations of the duty ratio, D, L, and 7, are varied in order to get optimized

switching losses in the circuit.



2.6.1 Effect of duty ratio, D

With the operating frequency of 1MHz, duty ratio of Vg s can be
determined by providing pulse width of VP; and VP,. However, there is very limited
in the literature discussing on the effects on the resonant current, iz, and its time taken
to charging and discharging and the effects on Ve, si. In order to achieve this, the
variable duty cycle should be applied in generating the pulse width. The sufficient
ON-time switching is also important because the sufficient time will enables iy, to
flow without disruption [5]. By increasing the pulse widths in VP, and VP, will cause
the duty ratio of Vg s to increase and reducing the pulse widths may results iz, forced
discharging and generated unwanted oscillation at the end of Ve, 51. As a result, this
will increases dissipation and gives rise to stress in the DC-RGD circuit according to
[5]. In this project, the intentions are to provide pulse widths applied to Q; and Q>
with variable duty ratio of 20%, 30%, 40%, 50% and 60%.

2.6.2 Resonant inductor effects, L,

As L, value increases, the charging and discharging time of iz, [2]. The
relationship between iz, and Rg is given in (7), where Re is the total gate resistance in
the RGD circuit and its value is estimated around 1.3 to 1.7Q whereas, Cj, is
internal input capacitance of S; ‘When the turn-ON duration, the current of resonant
inductor, i, will increase to its maximum value before it is discharging. The fixed
value of resonant inductor has been optimized to 9nH for its simplicity during the
experiment work. For all 7, it is found that optimized value is around 9nH according
to [5].

A5 e_:‘?r-t sin(%

4Ly Rz 2Ly
Cin 9

i () = H O

2.6.3 Effects of dead time, t,

The dead time for this project is not specified because resonant inductor
value has been optimized to the fixed value. From the previous explanation, dead

time is set up to avoid shoot-through or cross conduction between Q; and Q; in the



RGD circuit. By fixing the value of L, and varying the dead time, iy will be observed

whether it will cause in power losses at Vs s;.

2.7 Power MOSFET

It is voltage controlled device that is used in many electronics application
circuit. In DC-RGD circuit, switches Q; and Q> both are MOSFET that require the
continuous of a gate source voltage in order to be in the ON-state. MOSFET is used
because it can operate in much higher frequency at a lower voltage. However, at high
voltage MOSFET still has some limitations. According to the intrinsic characteristic
of MOSFET, it is produce a large on-resistance which increases excessively when the
devices breakdown voltage is raised [6]. Figure 6 and figure 7 is shown the symbol
and circuit model for MOSFET.

D
—
-* - Vds
G
-+ F’\ -
Vegs =

=T { — Rds

Figure 7 MOSFET equivalent circuit in the ohmic region [6]

2.8 Switching losses

Switching losses has to be considered in the analysis of this RGD circuit
because it is important to determine its efficiency. For this RGD circuit, the switching

is involving 2 MOSFETs which are turn-on complementarily during each switch
10



transition. Figure 8 shown the graph of switching losses occurs in MOSFET.

b x Fps

Popy

Vp X Ip

'07 \
= -/- - 6 S A -\

—Gyon—>

v

—lgyon—>

/ \
// Switching Loss
Conduction Loss
v
+—lgyorr—>

Y

Figure 8 Switching losses occurs as MOSFETS transition between fully ON

The graph of drain-source voltage, Vps and drain-source current, Ips is plotted

and fully OFF [8]

to explain the switching losses occur in MOSFET. Based on the upper graph in figure

8, during the ON-time and OFF-time of charging and discharging of capacitance in

MOSFET, there is non-instantaneous voltage and current transition occurs. As plotted
in the graph, Ip must be transferred to MOSFET before Vps decreases to final ON-
state which is Ip x Rps [8]. Same goes to the MOSFET in turn-OFF state where Vps
will increases to its final OFF-state before current is transferred to MOSFET. As a

result, there is overlap between voltage and current waveform that is represented as

switching loss in lower graph in figure 8.

The switching loss is calculated using the equation (8), (9), (10) and (11).

11




v
Pswitching = 7‘: X [ton L taff] X Ip

Pan=D><I[2,XRDS

Piotar = Pswitching + Pon

= Pin _P:taml % 100
Where:
P sirching= Losses during turn on and turn off (W)
P ,» = Conduction losses when the switch is on (W)
P o= Total losses (W)
P, = Input Power (W)
n= Efficiency (%)
V = drain-source voltage during time off (V)
/s = Switching frequency (Hz)
t,n= Time taken for the switch to turn on (s)
t,5-= Time taken for the switch to turn off (s)
I = Conduction current (A)
D = Duty Cycle
R ps= “On” resistance of MOSFET

V4= Drain-source voltage

12
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CHAPTER 3
METHODOLOGY

3.1 Project planning

This project is about to construct the circuit of two network between PWM
generation network and the diode-clamped RGD network. Then, the experiment
between these two networks can be implemented. A lot of research has to be done to
complete this project. With this report, gantt charts are attached in appendix A and
appendix B. Figure 9 shows the flowchart of the methodology.

Research on the diode-clamped
resonant gate driver

v

Research on PWM generation

circuit
v

Construction and testing on
PWM generation network
v

Construction on DC-RGD circuit

v

Integrate the PWM generation circuit with DC-RGD circuit

v

Experiment of overall circuit

!

Analysis of the experiment results

Figure 9 Methodology approach
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3.2 Tools and equipments required

Basically, this project is a research based experiment work to validate the
simulation. The work has been started by researching all knowledges related to this

topic. Hence, there are some specific equipment and components required to

implement it.

Table I The detail for the equipments

Equipment/component Purpose Details
DC Power supply To generate wide range | Model no. :GPC3030DQ
of DC signal Available in the
laboratory
Function generator Provide signal output to | Model no. : GPG 8255A
the circuit Available in the
laboratory

Oscilloscope

To display and analyze

the waveform

Model no.: CS4125

Available and can be
used in the laboratory

PWM generation circuit

To provide wide range of

Using three main circuits

pulse width which are PWM
generate circuit,
synchronization  circuit

and output buffer to
apply adjustable duty

ratio
Diode-clamped resonant | As a test circuit Using the specified
gate driver components with fixed
inductance  value of

10nH and wvaried dead
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time

3.3 Block diagram

Delay line

PWM

generate The diode-clamped RGD network
circuit

Power ! :

Synchronous Switch 1 :
circuit for Driver Inductor Power
=t ; MOSFET Z

— i “ = |

PWM generation network

<«

PWM output

Figure 10 Proposed block diagram for overall circuit

The figure 10 shows the block diagram of the whole network used throughout
this project. The entire block diagram has its own specification and proposed
configuration. The PWM generation network will generate the pulse widths to be
applied to the switch 1 and switch 2 (both are MOSFET). There are two PWM output
signals which are used to drive switch 1 and switch 2 respectively. Apart from that,
delay line will be applied at the same time to create finite delay time of the pulse
width for the RGD network. Hence, the analyses on the resonant inductor current are

then performed.

3.3.1 PWM generation network

This section consists of three main circuits, PWM circuit, synchronous
circuit for PWM and PWM output buffer. PWM circuit is responsible to
provide PWM signals to the switch 1 and switch 2 respectively having different
value of pulse width leading to the different generation of duty ratio. Whereas,
synchronous circuit for PWM is needed to synchronize the timing of both
MOSFETs. This circuit takes both frequency of the converter and frequency of
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the synchronization signal. They are then integrated before connected to DC-
RGD network.

3.3.2 The diode-clamped resonant gate driver network

The RGD network configuration is the main circuit to be analyzed. The
proposed PWM generation circuit will be integrated with this circuit to validate

the simulation.

3.4 Recommended circuit

3.4.1 Intersil ICM 7555

The PWM signals can be generated in many ways. Intersil ICM 7555 is
a generating IC that uses analogue method to produce PWM signal. This chip
has been chosen because of its features in providing adjustable duty ratio in
astable operation mode. Furthermore, it can be operated in high speed operation
up to IMHz. Figure 11 shows the astable circuit.

c OPTIONAL
1 T CAPACITOR
—_ -

Figure 11 Astable circuit chip [7]

The value of duty ratio is controlled by the value of R4 and Rp. By
selecting R; and R, the duty cycle of the output can be adjusted. Since C
charges through R; + R and discharges only through R, duty cycles

16



approaching a minimum of 50 % can be achieved if R>>> R; so that the
charging and discharging times are approximately equal. It is expressed as
(12), (13), (14) and (15):

Where,
Rli RA . R;):Rg
toff S 07R2C1 (13)

TS = ton + toff = 0.7(R1 + 2R2)C1 (14)

F=l__ 14
TT T (Ri+2Ry)G (15)

For making duty ratio less than 50%, some modification has to be
done [7]. By adding the diode such as in figure, C; will charge through only
R; and discharge through R>. To achieve this, it is necessary to make R; less
than R». Under this specification, the expression for duty ratio, D is:

_ton
D= (16)

The other formula is expressed as:

ton =0.7R,C; (17)
Where,
Ri=R4, R2=Rp
torr = 0.7R,Cy (18)
Ts = ton + tosr = 0.7(Ry + R2)Cy (19)
i l . 1.44
Ts  (R1+R2)C (20)
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D1

C ~ L OPTIONAL
1 CAPACITOR
_—

Figure 12 Modified astable circuit chip [7]

3.4.2 Voltage controlled PWM generator

Another way to generate pulses to the MOSFETs is by using PWM
generator circuit. In order to make the circuit works, a DC reference level is
needed. Hence, 5KQ potentiometer implementing a voltage divider and
1.5KQ resistor are added as shown in the figure 13. This resistor will prevent
the DC voltage to fall too much under the bottom edge of the shifted triangle
waveform. Therefore, the whole range of the potentiometer will have active
influence the PWM duty cycle. It is the most important characteristic of this
circuit. For this circuit MAX944 (MAXIM) is used as voltage comparator
between DC input level voltage and triangular waveform. The layout is shown

as in figure 13.

5v

1

=¥

A—

- ——NNN— 2N2222
sawlooth
PWM signal
=1 g Kl ] =
- MAX944
DC voltage J Voltage
Bk > level input comparalor

-
4]

— \WA—WA—2

Figure 13  Voltage controlled PWM generator schematic [11]
18



DIP/SO

Figure 14 MAX944 pin layout (see appendix C for details)

3.4.3 Proposed Synchronization circuit

A synchronization circuit is used to synchronize at least two pulse
widths, each producing a respective pulse width modulated output signal
comprising an analogue input signal. This means that a synchronization circuit
shifts the timing of the two pulse-width modulated output signal from the PWM
generate circuit for VP, and VP,. Based on figure 15, sync and CT-BUFFER are
applied as input 1 and input 2 of synchronization circuit. Whereas, OUTA and
OUTB will be the output for the gate of switch 1 and switch 2.

I CT - BUFFER RT(OUTB)
{1 =}
]—I_I O BV sV <
<R
= | Ji
OUTA ] Ule | ll o4 >"- fe —l-
n ca
~—— AN R2 ca R3 [
ot il e ANA—] —AAA J..
—— A e = Tca
Gal Il I i
SYNC
SIGNAL

Figure 15 The configuration for synchronization circuit [11]

The list of components involved in synchronization circuit construction is
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shown in table II:

Table II  All components in synchronization circuit

R1 1kQ
R2 1kQ
R3 1kQ
R4 6.2kQ
R5 327kQ
RT 400kQ
Cl InF
C2 InF
C3 InF
C4 100pF
Zener diode DI 5V
Zener diode D2 5V
Zener diode D3 5V
Zener diode D4 5V
CMOS NAND gate CD4011

3.4.4 Delay line

This circuit is capable to delay any analogue signal such as pulse width.

Delay line has many versions. In this project, three types of delay are used in
order to generate dead time in between of two pulse widths. The 15A series

delay line has been chosen in the experiment. This delay line is built with 8-pin

package and it is TTL schottky interfaced. The delay was set up to give a total
delay from 25ns to 1000ns. Table 111 below shows the details about the delay:
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Table III Delay lines detail

Part number Tap delay

15A-1000NL 200ns x 5 tap
15A-050NL 10ns x 5 tap
15A-500NL 100ns x 5 tap

For these delay lines, the configuration of the circuit is the same for each part
number. Figure 16 shows the layout for delay line.

INTERNALLY TERMINATED

Figure 16 Layout for the delay line (see appendix D for details)
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3.4.5 Power MOSFET driver circuit

MOSFET Driver
100 nF
(A) 10 Ohm
PWM 2w
Z [ 1 -
SIGNAL —
To MOSFET

Figure 17 Circuit layout for MOSFET driver [12]

Based on figure 17, it is the layout for MOSFET driver circuit. The
MOSFET (switch) in DC-RGD requires a specific driver circuit between PWM
generator circuit and the MOSFET itself. The reason for this is the gate voltage
of the MOSFET transistor requires high transient current (2 A) due to relatively
high capacitive load [12]. Besides, this circuit is used to avoid voltage drop and
power losses during the switching in DC-RGD circuit.

3.4.6 Diode-clamped resonant gate driver

The selection of the components used for this circuit construction has
been chosen. The table IV shows the list of the components involved and

ratings for each component.
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Table IV List of the components in DC-RGD network

Components Role in DC-RGD Rating Quantity
International rectifier, Switches, O; and | 200V/5A, 2
IRF620, Power MOSFET (n- | Q> Rps(ony=0.8€2
channel)

STPS6045CP, Power Diodes 45V/60A 2
schottky rectifier
International rectifier, S, power 200V/30A, 1
IRFP250NPbRF, Power MOSFET Rpson=0.075Q2
MOSFET
4445-01M Inductor 5nH 2
The layout of the analysis circuit has shown in figure 18 below:
J_ar
L e, D1
y, ) §!oad
+ inductor S1
12V— MM — :
| | e oV
T e AD2

Figure 18 Schematic for DC-RGD circuit
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 PWM output signal test

PWM output signal generated using two methods which are Intersil ICM 7555
and PWM modulator circuit. Both are using analogue method to produce PWM
signal. These circuits already tested practically in order to generate pulse widths to Q;
and Q; in DC-RGD circuit. The circuit configuration and selection of components has

been discussed in previous chapter.

Stopped 2010/03/24 11:a4:44
CHI=2V : : : + : : S00ns /div
DC 1001 : : 1

(S500nsG /div)

il S S S
Format FlleNarnc AutoFie ¥ (7o
BrP OFFMI IToleenu I—

=Filter= =Offset= =Record Length= =Trigger=
thing : OFF CH1 : 000V Main : 1K Mode I AUTO
W I FULL CH2 : 0000V Zoom 1IK Type:mcﬂ1§
Delay : 0.0ns
Hold OFF MINIMUM
Figure 19 The experiment result showing 20.0% duty ratio [X: 500ns/div,
Y: 2V/div]

The result based on the figure 19 is generated from PWM modulator circuit by
adjusting the variable resistor of 5k ohm. The pulse width of the ON-time is 200ns
whereas, the OFF-time showed 800ns of one complete cycle. Circle portion as in this
figure shows that there are slightly undesired signal produced. However, it will not

much affect on the work analysis.
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SO preed Z0I0 /02 /10 __12:05:443
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DC 10:1 : : 8 : : | (SOOnS i)

=Tracel= e sS4, 40V : Mih —B00.0mv Rms z28, 45V
.,'_"eq..."..-'?.‘.'F'.‘!'."..z.i ce.. . DuRy 33 l0% : : :
Format FlleName AutoFie | I - o
Brre r 2325 EEl o | TopMenu
= rer = = F sl =Record Lenglhs= =T riggcyer=
Smoothing @ OFF CH1 : o.owv MMabn < Mode I AUTO
W I UL CcHZ o.owv Zoom - T Type : EDGE CH1 4
r Delaay = O.OnNnsS
Holdd OFF MINIMMURNM

Figure 20 The experiment result showing 31.0% duty ratio [X: 500ns/div,
Y: 5V/div]

Figure 20 shows the result of 31.0% duty ratio which is needed for analysis of
DC-RGD. The ON-time is 310ns and the OFF-time is 690ns (one period is equal to
1000ns). Eventhough, there is the existence of undesired signal in this graph, it is still

acceptable to be used in the analysis work.

2010/02/10 1204209
SO00ns /div
‘_ (SO0nS /div]

-Traca1— o e 53 .60V H Mih 0. 000V : R az,.a36v
................ Ceka toeeoets: | Suky ki TN,
e gl Exvm—
ol Lnd I" 2-34 T OophMernu
—Flnor— —otful— =Record Lenglhes =T rigogerss
Thing OFF cH hAain Rl rAOde AU T O
A FULL cHZ n.w Zoosn 1< T yvpe EDGE CH1 4
O.Orvss
Hol<d OFF FATNIRAURM

Figure 21 The experiment result showing 42.0% duty ratio [X: 500ns/div,
Y: 2V/div]

The graph above shows PWM signal of 42.0% duty ratio. The pulse width
period is 420ns out of 1000ns. Based on the figure 21, it is proven that as the duty

ratio is increasing, the disturbance and ripple in the signal becomes lesser. This is a
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good sign that there is less loss produced in the waveform and applicable in the

analysis.
Sk et ZOIO/O2 /10 320313
CH I=20V : : e : : SO00ns 7 <div
DC 1021 : : £ i = 5 ', (SO0 7 <div )
: : 5 1 : ‘ NORMIZOOMS /s

=mTrace s Misn 3 56, 00V M 0 .000vV R 36 , 72V
leTer e ey i oy o O S : : :
Format FlleNzune At oF ile I : T7o
srTe ) B o~ Topmenu |
== ey = = F Foot=— =aecorad Lenglhss =T rigger=
mwoothing - OFF L e - 0.0wv hAminy = Rl Mode I AUTO
W FULL cHZ2 - 0.0V Zoom : < Type : EDGE CH1 4
H . Ons
Hold OFfF RMINIMURM

Figure 22 The experiment result showing 49.5% duty ratio [X: 500ns/div,
Y: 2V/div]

Similarly like in the previous result, this figure 22 shows the pulse width for
49.5% duty ratio. Based on above result, the ON-time is 495ns and the remaining
time will be the OFF-time. It is acceptable to be used in the analysis work.

Z010/02/710 _12:01:35
2 SO00NnsS /div

I (S00ns sdiv)

—Traea‘— Iviin 55 0Dowv : Mih 0. 000V : Rms 47 S22V
Friaq 'I_Ollllmzi Du.r"ly G303 = T _________
Format FileNa Aut g : | To s
sl TopMenu |
=Filter= —Ofrsat— =Record Length= =T rigger=
thing : OFF CH1 = Main = LS Mode I AUTO
W I FULL CHZ : o.w Zoorm I Type ! EDGE CH1 4
Delay : 0.0ons
Hold OFF : BATRIRAURA

Figure 23 The experiment result showing 63.0% duty ratio [X: 500ns/div,
Y: 2V/div]
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Figure 23 shows the result of 63.0% duty ratio with ON-time period of 630ns
and OFF-time period is 370ns.

4.2 Proposed synchronization circuit output

As the desired PWM output waveforms were generated, this circuit was

evaluated and the result of this circuit is shows in figure 24.

Stopped X 2010/03/24 17:30:01
CH1=5V 3 CH2=50V 3 : : :  S00ns/div
DC 101 DC 11 I : : : (500ns /div)

=Tracel= Freq 1.064MHz ' Prbd 940.0ns Duly 30;9%

wiraceze .Fr'?q_ L.e53mmz: ',’.'.1*.'. L 290-0ns Duty 29:5%
=Filter= =0ffsel= =Record Length= =Trigger=
moothing : OFF CH1 : 0.00v Main : 500 Mode : AUTO
W @ FULL CH2 : o.ov Zoom : 500 Type : EDGE CH2 &
Delay : 0.0ns

Hold OfF : MINIMUM

Figure 24  Synchronized PWM output waveform [X: 500ns/div, Y: 5V/div]

The waveforms generated in the graph above shows the synchronized PWM
signal output generated from PWM modulator circuit. Two inputs from PWM
modulator will be the input for synchronization circuit. The output side of
synchronization circuit will generate the synchronize signal of these two PWM
inputs. Based on the result obtained, two PWM signals of estimated 30.0% duty ratio
were synchronized with frequency of IMHz. As shown above, trace 1 and trace 2
represented the input to the gate of driving switches Q; and Q- respectively.

Once these two signals were synchronized, then it can be applied in switches
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in DC-RGD circuit. Based on the graph above, the ON-time for both signals are
started at the same point as well as the OFF-time. However, Q; and Q2 should not be
conducted at the same time. This is to avoid cross conduction during the switching
transition from Q; to Q.. For the time being, these two synchronized signals were
analyzed for duty ratio around 30%, examines the capability of this synchronization
circuit. After synchronizing the signals, one of two signals either in trace 1 or trace 2

should go through the delay line circuit in order to get the delay waveform of PWM.

Stopped o 2010/03/24 17:42:31
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=Trace2= Freq 1.010MHz: Prod 990.0ns
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+
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W I FULL CH2 : 0.0v Zoom : SO0 Type : EDGE CH1 4
Delay : 0.0ns
Hold OfF : MINIMUM

Figure 25 Two synchronized signal after delay line circuit being applied [X:
500ns/div, Y: 2V/div]

Figure 25 shows two signals initially started at the same point and time.
However, for analysis purpose it has to make sure that Q; and Q, will be conducted
complimentarily. Delay line will make one of these signals delayed and provide the
different ON-time for both switches. Both pulses PW; and PW; have the same periods
which are around 320ns. For that, delay line with delay of 400ns should be enough to
delay the signal and applied to trace 1 and result obtained in trace 1 in figure 25. The

waveform was shifted from its initial point but still in synchronizing condition.

However, there is a problem occurred after going through the delay. There is
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slightly voltage drop in the signal after delayed. To solve this problem, the fixed
supply of 5V has to be increased in order to maintain 5V after delayed. Another
problem is that the waveform pattern becomes more critical where the ripple and
spike produced at the pulse. To solve it, resistor has to be connected to the output of
this signal. However, the resistance value has to be as low as possible to avoid the

decreasing in current value and create more problems.
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Figure 26  Synchronized signals of PW; and PW>, duty ratio of 30%

Figure 26 shows pulse widths to be applied to Q; and 0> One of these two
signals connected to delay line of +200ns. Based on figure 26, there is dead time
between both signals that is important to make sure the ON-time for both switches do

not overlap and cause cross conduction and more losses to be produced.
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4.3 Results of integration between DC-RGD circuit and PWM generation
network

The experiment works for the whole network was not using switching
frequency of 1MHz. This is due to the problem with high frequency which is become
more critical to implement in the experiment. Because of that problem, the switching
frequency has reduced to 500kHz as the maximum frequency and it is used for
analyzing the whole network and it has been done for the experiment work. The duty
ratio used for this experiment was around 20% (Pulse width of +400ns) and dead time

around 50ns.
IF
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Figure 27 ¥, applied respectively to both switches Q; and O, [X:500ns/div,
Y:5V/div]
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Figure 28 Pulse width 1 (VP;) applied to the driving gate of switch O,
[X:1us/div, Y: 5V/div]
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Figure 28 shows the output from the MOSFET driver circuit that has been
amplified until 12.6V to turn-ON gate of the switch O, . This is because of the
problem where the MOSFET could not turned-ON by simply integrated to the DC-
RGD network. Drive circuits for power MOSFET is needed for both networks to get
function. According to appendix, gate voltage should be at 10V or more and
MOSFET of IRF620 (see appendix E for details) will be turned-ON only when ;o)
>5.0A.

ac|-------- Pereseenas feevass esracseas feseeeeaes | EERETREEE Peeeeanees Peeseennes eeeens caZeesenens
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i
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Hold OfF : MINIMUM

Figure 29  V,;, Q; and Vg, Q; for switching frequency of 510.2kHz

Figure 29 shows gate voltage exhibits like a ‘step’, maintaining at a constant
voltage level of 5V (maximum of 5.2V) while the drain voltage rises and falls
complementarily with switching. The voltage at which the gate voltage remains
during the switching is called Miller voltage, V,,. In most applications, this voltage is
around 4V and 6V depending on the current being switched [13].
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Figure 30 Vg, I4 and switching loss for Q)

Referring to figure 30, current peak value of Iy , Jpea is around 1.8A which is
very high. In DC-RGD experimental works, the optimized value of inductor 10nH,
varied dead time (within range of 50ns), switching frequency of 500kHz and 400ns
pulse width being used. There is relationship between Jpeax and turn-ON speed of the
switches. As It goes higher, causing the decrease turn-ON speeds for the switches.
Means that, the lower the value of I.x indicates a higher turn-ON speed and
improving the efficiency of the network. Below is the equation (21) to determine

power losses for both switches Q; and O».

P, = Vo X Iy @21
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Figure 31 Graph of iz, of 10nH and V,; 5;, within 400ns pulse width

Figure 31 shows that voltage, Vg, s; of 6.0 is clamped. It is a large drop around
6.0V compared to the simulation work. This problem occurred because of the current
flows through its gate, i, is low as (maximum charging current of 0.44A) as per
shown above. The selection of MOSFET also influences the results in the experiment
works. The MOSFET has to be able to function as the current through inductor goes
higher. When switch of Q; is turn-ON, iz, will be charged up the inductor, L, and
discharged back as in figure 28. The duration of charging the inductor seen shorter
than discharging. Besides that, Vg s; is dependent on the value of i;, and C;,,internal
capacitance for switch. This C;, can be obtained using a simple equation in (22).
Given in (23) is the equation to get the time taken for current of the inductor to reach

its maximum value.

T Vgs_Si
2Lyx %Rﬁ
tan_l(T) (23)
tpeak =
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4.4 Simulation results on diode-clamped RGD with 500kHz switching
frequency

5,’531

2.009+

w
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Figure 32 Pulse width of Q; and O, within 400ns each (20% duty ratio)

— Vgs t

Figure 33 ¥, and Vy of switch Q; in DC-RGD circuit

Figure 32 shows the ¥P; and VP, respectively that connected to the gate
source for both switches Q; and Q. By using switching frequency of 500kHz, the
dead time of 50ns was set up and figure 33 shows the graph of Vi O and Vs Q)
which are the maximum value of 5.0V and 12.0V respectively.
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Figure 34 Simulation of ¥ and I for O; and switching loss

From the waveforms in figure 34, maximum value for ¥V reached 12V as the
input source being used. The switch Q; starts to conduct when Vi is in OFF state
which means that it works in complimentary pattern with the Vg,. As switch Q; turn-
ON, the current will start to increase until its maximum value and decrease until the
switch Q; in OFF position as seen in both graphs above. Current for /;; must reach its
maximum value before ON state of V4 has ended. Hence, the overlapping between Iy

and Vy, represented as a switching losses which is around 12.243W.

Figure 35 Graph of Vg, s; and resonant inductor current, iz,

Figure 35 shows the combination graph of driving gate voltage source,Ve; s
and resonant inductor current, iz or gate current to the switch S;. This V; s; increases
exponentially and is clamped 12V as the input source [5]. The current will start to

charge to its maximum value when Q; is turn-ON and the time taken to charge
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depends on L, and the impedance of the network, Z, of the network and it is
discharged to zero as the Vg, g; discharged to zero. The discharging time is longer
compared to the charging time. This is due to the ON resistive charging effects

through gate and driving resistance [5].

4.5 Discussions

4.5.1 PWM generator circuit analysis

The experiment work for PWM output signal testing has been done and
working for range between 20% and 60% of duty ratio which are required in
this project. The experiment work used 5V DC (peak to peak) voltage supply
and switching frequency of IMHz (almost IMHz for each test). However, 10%
duty ratio is quiet difficult to generate the smooth signal and not recommended
to use it in full work analysis of this project. It might be not possible to produce
short ON-time in high frequency unless the equipments and components used in
the experiment are reliable and capable to make it.

In this experiment work to generate PWM signal, it is possible to
generate adjustable duty ratio from 0-100% in low frequency of between 1Hz
and 600 kHz with a smooth signal and clean pulses. As frequency gets higher,
the gate driving losses will increase that can lead to high power dissipation. For
IMHz switching frequency, the chances of clean pulses generated is low
because of distortion and ripple produced due to the internal resistance as well
as wire resistance. According to all results above, proved that good PWM
signals of duty ratio in range of 30% and above achieved. It is due to the
capability of these PWM circuit and equipment used for the experiment work.
Take note that the ON-time for each pulses generated is suitable to allow the
MOSFET to turn-ON by analyzing the starting point at the voltage of ON-time
pulse is match with the ON condition of the switch (MOSFET).

4.5.2 Synchronization circuit analysis

Based on the results for synchronization circuit, the objective to produce
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synchronization between two signals was achieved but there is still noise and
disturbance produced in the waveform. However, it is not a big problem to
proceed to the next step which is generating finite dead time. For that, delay
line circuit was connected to one of two signals. Apart from that, ripple and
noise still occurred that make the measurement are not accurate. The main
reason due to this problem is that in high frequency of 1MHz, this circuit cannot
withstand and produce high ringing (noise) to the circuit eventhough a clean
signal of oscillator is applied from function generator to this circuit. This is
because of the loose connection used on the breadboard during the testing. The
experiment work improved by using the right components value as well as the

connection itself.

4.5.3 Comparison between simulation results and experiment results

This section discusses the data for experiment and simulation results in
order to verify the overall performance of DC-RGD network. With considering
50ns dead time, 10nH resonant inductor and 20% duty ratio within 500kHz

switching frequency, the comparison could be made.

Table V Comparison results from experiment and simulation

Parameter Experiment result Simulation result Difference
Vas O1 5.2V 5.0V 0.2V
Vas O Max. voltage:12.0V Max. voltage:12.0V ov
145, Oy Peak current=1.8A Peak current=2.2566A 0.4566A
Voix T Maximum loss=2.920W Maximum loss=12.243W 9.323W

Vessi Max. clamped voltage=6.0V Max. clamped 6.0V
voltage=12.0V
i Max.charging current=0.44A Max. charging 1.8048A
current=2.2448A
Based on the experiment result for /;, Q) peak current only achieved at
1.8A compared to the simulation result, 2.2566A. It may due of the

specification of MOSFET used in the experiment which is not the same with the
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simulation work. As in the experiment, the MOSFET used for the switches are
not be able to function properly as the current goes higher. When I Q; is
measured inaccurate value, the switching loss for the switch Q; or O, also
increases. As a result, the measurement in the experiment will not be accurate
too. Hence, it is still an issue for the selection of the right MOSFET used in the
high switching frequency circuit because it is important while doing the
analysis through the experiment work.

Moreover, from the table V shows that Vg s; only clamped-up until 6V
for its maximum value because of the maximum charging current only achieved
at 0.44A. By referring to (24), value of Vg is depending on C;, and the
integral of i;, when iy, is charging. So, the value of the resonant inductor
current, i, influences the voltage clamps for V51 For Vs gy, it is supposed to
clamp up the voltage until 12V as the input voltage source. Hence, the right
value of inductor must be used in the experiment in order to get the best

analysis in this network.

Vgs_s1(8) = J:Ci i (t)de (24)
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The study is about to experiment and analyze the overall performance of a
diode-clamped resonant gate driver network by considering the parameter of duty
ratio, resonant inductor and the dead time. In the design of diode-clamped resonant
gate driver circuit with range MHz switching frequency is very crucial. Experiment
work with voltage pulses of 20% duty ratio, 50ns dead time (limited dead time
generated) and 10nH resonant inductor within 500kHz switching frequency validated
with based on Pspice simulation result. Throughout the project, it is found that the
construction and the testing of the whole networks required a lot of time before the
overall analysis has been done. From the analyses for high switching frequency
converter, its performance and reliability are easily influenced by the low capability
of the equipments and circuit constructions in the experiment that may lead to the

switching losses in the network.

5.2 Recommendation

Since the PWM generation network and DC-RGD network is completed and
discussed in this project, improvement is necessary in the experiment work so that the
overall analysis for IMHz switching frequency could be done in future and validation
for Pspice simulation will be more relevant and accurate. For future work, analysis

for the network with duty ratio of 30%-60% with switching frequency of 1MHz can

be implemented.
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

5 al D il
The MAXS41/MAX3AZ2/MAX344 are single/dual/quad
high-speed comparators optimized for systems pow-
ered from a 3V or 5V supply. These devices combine
(gt speed),, oW guwerr, atal rdai- ! iTguts,
Propagation delay, is: 80ns; while: supply, current: is: only,
JRMA grn companaton.

The input common-mode range of the MAX941/
MAX942/MAX944 extends beyvond both power-synoly
rails: The: outputs: puillto within 0:4V of eithen supply rail
without' externall pullup circuitry,, making these: devices
ideal for interface with both CMOS and TTL logic. All
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Attt eandition do @ithar @il
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PART TEMP RANGE e |
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ans:'ﬂmmfs website at www. maxim-ic.com:.

Pr6XVINEVY6XVIN/LPEXYIN



High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

ABSOLUTE MAXIMUM RATINGS

Power-Supply Ranges

Supply Voltage V+ 10 GND .......ccooervrnnnne

Ditferential Input Voltage............
Common-Mode Input Voltage ...

.+6.5V
....-0 3V to (V+ +0.3V)
.-0.3Vto (V+ + 0.3V)

8-Pin uMAX (derate 4.1mW/°C above +70°C)

14-Pin Plastic DIP (derate 10.00mW/°C above +70°C)..800mW

14-Pin SO (derate 8.33mW/°C above +70°C)

Operating Temperature Ranges

LATCH Input (MAX941 only)...... ....0.3Vto (V+ + 0.3V) MAX94_C_ _ ....0°C to +70°C
SHDN Control Input (MAX941 on!y). ..-0.3Vto (V+ + 0.3V) MAXDE B i e ideniveiarins -40°C to +85°C
Current Into Input Pins.............. = ...+20mA MAX94_AUA -..=40°C to +125°C
Continuous Power D|55|pat|on (T,q +70°C) MAX942MSA....... ..-55°C to +125°C
8-Pin Plastic DIP (derate 9.09mW/°C above +70°C)...727mW Storage Temperarure Hange . ....-65°C to +150°C
8-Pin SO (derate 5.88mW/°C above +70°C)................471mW Lead Temperature (soldering, 10s) .+300°C

Stresses beyond those listed under “Absolute Maximum Ratings™ may cause permanent damage 1o the device. These are srress ratings only, and functional
operation of the device at these or any other conditions beyond those indicated in the operational sections of the specifications is not implied. Exposure to
absolute maximum rating conditions for extended periods may affect device reliabifity.

ELECTRICAL CHARACTERISTICS

(V+ =27V 10 5.5V, Ta = TMIN to TMAX, unless otherwise noted. Typical values are at Ta = +25°C.) (Note 14)

PARAMETER SYMBOL CONDITIONS MIN TYP MAX | UNITS
Positive Supply Voltage V4 2.7 55 v
Input Voltage Range VCMR (Note 1) -0.2 V++0.2 '

MAX94_C_ _, MAX94_EP_, 1 3
Ta = +25°C | MAX94_ES_, MAX942MSA mv
Input-Referred Trip Yom=0or MAX941_UAMAX342_UA 1 4
Points ViRP | VoM = V+
(Note 2) Ta=T MAX94_C_ _, MAX94 EP_, 4
A= IMIN | MAX94_ES_, MAX942MSA mv
to TMAX
MAX941_UA/MAX942_UA 6
MAX394_C_ _, MAX94_EP_, 1 2
Ta = +25°C | MAX94_ES_, MAX942MSA mvV
Vem =0or MAX941_UA/MAX942_UA 1 3
Input Offset Voltage Vos Ve = V+ Al —
(Note 3) TacT MAX94_C_ _, MAX94_EP_, 3
A= IMIN MAX94_ES_, MAX942MSA mv
to Tmax
MAX941_UA/MAX942_UA 5.5
i ViN = Vos, Vem = 0 or MAX84_C 150 300
Input Bias Current nA
g '8 | vem = Vs (Note 4) MAX94_E/A, MAX942MSA 150 400
Input Offset Current los ViN = Vos, VoM = 0 or V4 10 150 nA
Input Differential Clamp Force 100pA into IN+, IN- = GND,
Voltage VeLamp measure ViNs - VIN-, Figure 3 &2 v
MAX94_C_ _, MAX94_EP
¥ S A S L ER, 80
ggﬁrrg’mon Mode Rejection CMRR | (Note 5) MAX94_ES_. MAX942MSA 300 WV
MAX941_UA/MAXS42_UA 80 800
MAX94_C_ _, MAX94_EP
Power-Supply Rejection 2.7VsV+ s 55V, S —ais 80 300
Ratio PSRR Vm = OV MAX94_ES_, MAX942MSA VNV
MAX341_UAMAX342_UA 80 350
) 1 = 400pA =0 -
Output High Voltage Vou SOURCE = 400 V+-0.4 V+-02 v
ISOURCE = 4mMA V+-04 V+-03
| = 400
Output Low Voltage VoL S pA e 04 v
ISINK = 4mA 0.3 0.4
Output Leakage Current ILEak | (Note 6) 1 HA
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

ELECTRICAL CHARACTERISTICS (continued)

(V+ = 2.7V 10 5.5V, Ta = TMIN to TMAX, unless otherwise noted. Typical values are at Ta = +25°C.) (Note 14)

PARAMETER SYMBOL CONDITIONS MIN TYP MAX | UNITS
MAX941 380 600
V+ =3V
MAX942/MAX944 350 500
Supply Current per Comparator Icc V4 = 5V MAX941 430 700 HA
i MAX942/MAX944 400 600
MAX941 only, shutdown mode (V+ = 3V) 12 60
Power Dissipation per MAX941 1.0 4.2
PD te 7 mw
Comparator (o 7) MAX942/MAX944 10 36
P tion Dl PD+. | (Note 8) 4.0 S S0 ns
e
ropagaiion Lesy tPD- MAX94_E/A, MAX942MSA 80 200
Differential Propagation Delay dtpp (Note 9) 10 ns
Propagation Delay Skew (Note 10) 10 ns
Logic Input Voltage High ViH (Note 11) % +04 ‘-2’ v
: W W
Logic Input Voltage Low ViL (Note 11) = 5 -04 v
Logic Input Current e, v | Viosic = 0or V+ (Note 11) 2 10 LA
Data-to-Latch Setup Time Is (Note 12) 20 ns
Latch-to-Data Hold Time tH (Note 12) 30 ns
Latch Pulse Width tpw | MAX941 only 50 ns
Latch Propagation Delay tLPD MAX941 only 70 ns
Shutdown Time (Note 13) 3 ps
Shutdown Disable Time (Note 13) 10 ps
Note 1: Inferred from the CMRR test. Note also that either or both inputs can be driven to the absolute maximum limit (0.3V
beyond either supply rail) without damage or false output inversion.
Note 2: The input-referred trip points are the extremities of the differential input voltage required to make the comparator output
change state. The difference between the upper and lower trip points is equal to the width of the input-referred hysteresis
zone (see Figure 1).
Note 3: Vos is defined as the center of the input-referred hysteresis zone (see Figure 1).
Note 4: The polarity of I reverses direction as Vcm approaches either supply rail. See Typical Operating Characteristics for more
detail.
Note 5: Specified over the full common-mode range (VCMR).
Note 6:  Applies to the MAX941 only when in shutdown mode. Specification is for current flowing into or out of the output pin for
Vour driven to any voltage from V+ to GND.
Note 7: Typical power dissipation specified with V+ = 3V; maximum with V+ = 5.5V.
Note 8: Parameter is guaranteed by design and specified with Vop = 5mV and CLoaD = 15pF in parallel with 400pA of sink or
source current. Vos is added to the overdrive voltage for low values of overdrive (see Figure 2).
Note 9: Specified between any two channels in the MAX942/MAX944.
Note 10: Specified as the difference between tpp. and tpp. for any one comparator.
Note 11: Applies to the MAX941 only for both SHDN and LATCH | pins.
Note 12: Applies to the MAX941 only. Comparator is active with LATCH pin driven high and is latched with CATGH pin driven low
(see Figure 2).
Note 13: Applicable to the MAX941 only. Comparator is active with SHDN pin driven high and is in shutdown with SHDN pin driven
low. Shutdown disable time is the delay when SHDN is driven high to the time the output is valid.
Note 14:

The MAX941_UA and MAX942_UA are 100% production tested at Ta = +25°C. Specifications over temperature are
guaranteed by design.
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

Typical Operating Characteristics

(V+ = 3.0V, Ta = +25°C, unless otherwise noted.)
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply comparators

(V+ = 3.0V, Ta = +25°C, unless otherwise noted.)
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Typical Operating Characteristics (continued)
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

Typical Operating Characteristics (continued)
(V+ = 3.0V, TA = +25°C, unless otherwise noted.)

PROPAGATION DELAY (tpp,) PROPAGATION DELAY (tpp-)

A1 TOC 18

AN TOC T

v i INPUT
03 S0mVidiv
Vos
Yoo
Vi Vi
ouIPUT
1V/div OUTPUT

ol

1V/ow

GND

1py, ———a|INPUT STEF = 100mV

20ns/cw
Vo = +5mV "o

INPUT STEP = 100mV
Voo =-5mV

Pin Description

=
PIN
NAME FUNCTION
MAX941 | MAX942 | MAX944
1 1 OUTA Comparator A Output
— 2 2 INA- Comparator A Inverting Input
3 3 INA+ Comparator A Noninverting Input
1 8 4 V+ Positive Supply (V+ to GND must be < 6.5V)
5 5 INB+ Comparator B Noninverting Input
6 6 INB- Comparator B Inverting Input
7 7 ouTB Comparator B Output
= 8 QuTC Comparator C Output
9 INC- Comparator C Inverting Input
— 10 INC+ Comparator C Noninverting Input
6 4 1 GND Ground
| 12 IND+ Comparator D Noninverting Input
13 IND- Comparator D Inverting Input
— — 14 QuTD Comparator D Output
2 = — IN+ Noninverting Input
3 — - IN- Inverting Input
4 _ 3 SADN Shutdown: MAX941 is active when SHDN is driven high; MAX941 is in shutdown
when SHDN is driven low.
5 - B CATCH ;h; ;ﬁtput is latched when LATCH is low. The latch is transparent when [ATCH
7 — — out Comparator Qutput
L: 8 - N.C. No Connection. Not intemnally connected.
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,

TR
OuTPUT

—_—

Figure: 1. Inputand Qutput Wavefom, Naninverting:input
‘armes

Defailed Descripfion

The MAX941/MAX942/MAX944 single-supply compara-
tors leature internal hysteresis, high speed, and low
power. Their outputs are guaranteed to pull within 0.4V
of aithar sumy rail nithout exiarma! punlie o puilaionm
circuitry. Rail-to-rail input voltage range and low-volt-
age single-supply operation make these devices ideal
for portable equipment. The MAX941/MAX942/
MAX944 interface directly to CMOS and TTL logic.

-

Nost highrspeed comparators: ascillate: in the: linean
region because of noise or undesired parasitic feed-
back. This tends to occur when the voltage on one
INpuUr & att on equal to the: voltage: om the: otten inputl. T
counier the: parasitic effects: and! noise;, the: MAX341)/
KORYQARNOAY QAL hrave intrimal myeirnesis.

The hysteresis in a comparator creates two trip points:
ane for the dsing inonut yoltage and one for the falling
inputivoltage (Figure 1)) The difference: between the: trip
points: is: the: hysteresis. When the: comparator's: input
voltages are equal, the hysteresis effectively causes
one comparator input voltage to move quickly past the
aharn, thue aking the innut aut af the agian wihare

MAXIMN

oscillation occurs. Standard comparators require hys-
teresis to be added with external resistors. The
DAY MAAXAD DAY s fivad intaina! ysitarasis
eliminates: these: resistors: and the: equations: needed! to
determine appropriate values:

Figure 1 illustrates the case where IN- is fixed and IN+
is varied. If the inputs were reversed, the figure would
look the: same; except! the: ouiput would be inverted.

The: MAXS841 includes am internal |atch that allows: stor-
age of comparison resuits. The LATCH pin has a high
input impedance. If CATCH is high, the latch is transpar-
ent(ile., e comparalor operales as Mough Me: iatenig
not present). The: comparator's ocutpul state: s stored
wihem IATOR, ie pulard inow. All timinry cansipaints muss
be met when using the latch function (Figure 2).

Sraroown Moae (WlASL1 dmyy
The: MAXS41 shuts: down when SHDM is low: When shut:
drwn, i Supply QU drps o Ires than, YA, anid
the three-state output becomes high impedance. The
SHDN pin has a high input impedance. Connect
SHON! to V4 for normall aperation: Exit: shutdown with

LATCH: high;; otherwise, the: autput willl be:indeterminate:

Input Stage Circuitry
The MAX941/MAX942/MAX944 include intemnal protec-
tiani circuitry, that: prevents: damage: to the: precision
input: stage: from large: differentiall input! voltages: This
TRIRTIT THTUy THEEE W Uk o ek s
between IN+ and IN- as well as two 4.1kQ resistors
(Figure 3). The diodes limit the differential voltage
applied tothe internal circuitny of the comparators: to be
nomore: tham 2V, where: Vi is: the: forwardi voltage: drop
of the diode (about D7V at +25°C).

For a large differential input voltage (exceeding 2VF),
s protectiom circwiny Increages: e Inpur Hias: curent
at 1IN+ (source) and! IN- (gink))
N+ -'TN-) - 2VF

2x4.1kQ
Input: current: withn large: differentiall input: voltages:
should! nott be: confused: with: input: bias: current: (1g)) As
‘iong as the dffferentidl nput voitage 'is 'iess ‘than 2VF,
this input current is equal to Ig. The protection circuitry
also allows for the input comman-made range of the
MAXS4 T/ MAXI42/NIAXS44! to extend beyond! both
power-supply nails:. The: outputl is im the: correct! logic
state if one or both inputs are within the common-mode
range.

Input Current =

PEXVIN/L Y6 XVIN

yP6XVIA



High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

DIFFERENTIAL
INPUT
VOLTAGE

LATCH

Vou

Ve
2

BT S R e e e

Vo

Figure 2. MAX941 Timing Diagram with Latch Operator

Output Stage Circuitry
The MAX941/MAX942/MAX944 contain a current-driven
output stage as shown in Figure 4. During an output
transition, ISOURCE or ISINK is pushed or pulled to the
output pin. The output source or sink current is high
during the transition, creating a rapid slew rate. Once
the output voltage reaches VoH or VoL, the source or
sink current decreases to a small value, capable of
maintaining the VoH or VoL static condition. This signifi-
cant decrease in current conserves power after an out-
put transition has occurred.

One consequence of a current-driven output stage is a
linear dependence between the slew rate and the load
capacitance. A heavy capacitive load will slow down a
voltage output transition. This can be useful in noise-

sensitive applications where fast edges may cause
interference.

Applications Information

Circuit Layout and Bypassing
The high gain bandwidth of the MAX941/MAX942/
MAX944 requires design precautions to realize the
comparators’ full high-speed capability. The recom-
mended precautions are:

1) Use a printed circuit board with a good, unbro-
ken, low-inductance ground plane.

2) Place a decoupling capacitor (a 0.1pyF ceramic
capacitor is a good choice) as close to V+ as
possible.

3) Pay close attention to the decoupling capacitor's
bandwidth, keeping leads short.

4) On the inputs and outputs, keep lead lengths
short to avoid unwanted parasitic feedback
around the comparators.

5) Solder the device directly to the printed circuit
board instead of using a socket.

MAXIMN
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MMM
MAXHT
MAX942
MAX944

TO INTERNAL
CIRCUITRY

TO INTERNAL
CIRCUITRY,

MAXAMN
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Figure 3. Input Stage Circuitry

Figure 4. Output Stage Circuitry

Vm =33V

VREFC  Vpg
SERIAL
DIGITAL —— sDI

INPUT 8-BIT DAC
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DACOUTC
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V+=3V
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1

Figure 5. 3.3V Digitally Controlled Threshold Detector

MAXIMN

Figure 6. Line Transceiver Application
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

—_Ordering Information (continued)

PIN-

PART TEMP RANGE PACKAGE
MAX942MSA/PR -55°C to +125°C 880
MAX942CPA 0°C to +70°C 8 Plastic DIP
MAX942CSA 0°C to +70°C 8S0
MAX942EPA -40°C to +85°C 8 Plastic DIP
MAX942ESA -40°C to +85°C 8 S0
MAX942EUA-T -40°C to +85°C 8 UMAX
MAX942AUA-T -40°C to +125°C 8 pMAX
MAXS944CPD 0°C to +70°C 14 Plastic DIP
MAX944CSD 0°C to +70°C 14 SO
MAX944EPD -40°C to +85°C 14 Plastic DIP
MAX344ESD -40°C to +85°C 14 SO

10

PROCESS: BiPOLAR

Chip Information

MAXIMN



High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

Package Information

(For the latest package outline information and land patterns, go to werv.maxim-ic com/packages.)
PACKAGE TYPE PACKAGE CODE DOCUMENT NO.
DMRA ‘Yo 21
8 Plastic DIP P8-1
&5 582
14 Plastic DIP P14-3
| 1450 $1a-1 | 21-0041 |
A s e 8 [ o | miumeEERs |

MARKING DIM | MIN MAX MIN MAX
= 0.043 = 1.10
Y Bl .002} Q.006] 0.08 [7}]]

‘ | AAAA

>

0.030| Q037 Q.75 0.95
QoA oMl aZs | 43R
0.005| 0.007| 0.13 0.18
0.114 | 0122 | 2.90 3.10
0:0256° BSC .65 BSC

B>
=

E
L

ama | a2zl 2ew | 310
| HHHH \ o188 aerl 4«78 | 543
HHH] | HHHH 0.016] 0.026] 041 | 0.66
06401 " . a 6 0 6
I | QoA BR° | S50 @80
a L PKG. CODES: !
[OF VIEW UB-1:: UB—3; UBCN~1 j

[ = \

S I AT LI

S JILT T A ‘
ERONT VIEW SIDE VIEW i

NOTES:
. D&E DO NOT INCLUDE MOLD FLASH
. MOLD FLASH OF PROTRUSIONS: NOTT TOD EXCEETD @U1SMM: ({008,

. CONTROLLING: DIMENSION:  MILLIMETERS: ] J
{ COMPUES: TQ) JEDEC MA-187;, LATESTI REVISION;, VARIATION: AA. ”ﬂ
TLE:

. MOTRAING SO 'S TUR PO, URIWTITIHON DN

ALL DIMENSIONS APPLY TO BOTH LEADED (-) AND PbFREE (+) PKG. CODES. i
PACKAGE OUTLINE, 8L uMAX/uSOP
H—unnwmc NQT' TO' SCALE- : oo

[ | 2v-aoze | 4]

———
BN -
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Y6 XVIN/ZY6XVYIN/Lb6XVIN



High-Speed, Low-Power, 3V/5V, Rail-to-Rail,
Single-Supply Comparators

Package Information (continued)
(For the latest package outline information and land patterns, go to www.maxim-ic.com/packages)

BRIPN EPS

; INCHES, | MILLLIME TERS INCHES,  [MILLIME TERS]
[T M T A T mIm T max mING [ wa [ wIng T i [N Thso]|
B ——— TUAB0 | —— (4572 D (U348 0390 | Boh | 991 (8 BB
1]0.015 [-—— 038 | --- | [D[0.735]0.765(18.67 [19.43 |14 |AC
A2INI2S 10175 1318 14.45 D 10745 10.765118.92 119.43 116 |AA |
AG[0.055 0080 [1.40 (2,03 | [D[0:885[0515 |22.48]|23.24/18 |aD)]
 [(B[001S [0.022 [0:381 [056 | [D[L0IS [L04S |25.78]26.54 20 [AE ]
B1[0.045 [0.065 [1.14 [1.65 | D [114 [1.265 |28.96]32.13 [24|AF
C [0.008 [0.014 [0.2__ [0.355] [D [1.360 |1.380 |34.54|35.05 [28]*S
| 0005 9858 017 282
| [E (01300 |0:325[7.62 |8.26 NOTES:
 EL[0240 (0310 (610 [7.87 | 5 wan musos @ PRORUSIING Mt
e | 0100 BSC.| 254 BSC. TO EXCEED 1Smm 0067
A0 300 B Gl o BTl e e St
WA BSC. | NLI6 _BSL. | N RRIVE (WL
L (0115 [0150 [2.921 [381 s o

'@@%ﬂﬂlpncmz FAMILY DUTLINE: PDIP 300'[ }{ [21-0043 D |
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High-Speed, Low-Power, 3V/5V, Rail-to-Rail,

Single-Supply Comparators

Package Information (continued)

(For the latest package outline information and land pattemns, go to www.maxim-ic.com/packages.)
' T
&
INCHES MILLIMETERS 3
[om] N T max | min | mAX 2
A || 0053 J[oose: || 135 1.78
At |l o.oos: Jlaoin || oo || oz
A I oo I ama T aas 17 oes
c | o007 ] 0010 | 019 | 025
© 0.050 BSC 1.27 BSC
J £ o Toas? Lase T aon
W || 0228 || 0.244! || 5800 || 620
1} Q16 0.050 Q.40 1127,
VARIATIONS:
INCHES: || MILLIMETERS, |
TORVIEW. fomadl wune |l axc || s | mexc [N [msarz|
o | ones | oner || a0 || so000 la]l A |
0337 | 0344 | 855 | 875 [wa]| AB

D 0386 | 0.354 9.80 1000 |16] AC
|l
A T.-
ﬂ;ﬁm et N R
—_— e l“—B A= ' _‘II I MJ
FRONT VIEW SIDE VIEW
gk DE MOLD) FLASH I
L. OEE OO0 NOTT INCLL ) i J
Z. NOLD) FLASH OR: PROTRUSIONS: NOT! TOQD EXCEED) MU1Smm ((006™); ﬁ%mﬁ
3. LEADS: TO) BE COPLANAR: WITHIN! (0 1Qmmm: (,0047)) vt s oo T |
. TONFOLING DHRNEIRN: M LMTRTS.
5. MEETS JEDEC MSO12. PACKAGE OUTLINE, .150" SOIC
6. N = NUMBER OF PINS. = Na——— l, T
Al ! o 2so0a (e VA
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Revision History

| ] L] T 1
REVISION REVISION PTIO PAGES
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' 8 1 12/08 | Added SO package diagram and removed transistor count ; 10 '
9 3/09 Corrected Ordering Information for MAX944ESD 10
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(l ) Yuan Dean Scientific CO.,LTD

8 PIN LEADING & TRAILING TTL ACTIVE DELAY LINE

FEATURES
= 8-PIN PACKAGE.

» S5EQUALLY-SPACED TAPS.
e TTLSCHOTTKY INTERFACED.
e TOTAL DELAYS FROM 25-1000nS.

ELECTRICAL CHARACTERISTICS

15A/14A/24A SERIES

IIH LOGIC"1" INPUT CURRENT :50UA MAX
IIL LOGIC™0" INPUT CURRENT --2mA MAX
oL G U ITOLTNGE - BV RAX INPUT PULSE TEST CONDITION
VIH LOGIC"1" INPUT VOLTAGE 2.0V MIN PULSE VOLTAGE 3.2V
VIL LOGIC™0" INPUT VOLTAGE 10.8V MAX PULSE WIDTH :50NS MIN. OR 100%TD
TA OPERATING TEMPERATURE ‘0C TO70C DUTY CYCLE <50%
NH FANOUT™1" QUTPUT :20 TTL LOAD PULSE RISE TIME 12NS(0.75 TO 2.4V)
NL FANOUT"0" OQUTPUT 10 TTL LOAD TIME DELAY MEASURED @1.5V level
SUPPLY CURRENT TI5mATYP. SUPPLY VOLTAGE VCC :5.040.25vVDC
ELECTRICAL SPECIFICATIONS PIN CONNECTIONS
DELAY TAP
PART NO. TIME | DELAY Brlr(SnES)Tr:uh:E
Td(nS) (nS)
15A114AI24A-025 2512 512 4
15A/14AI24A-050 | 50t5% 10:2 4
15A/14AI24A-075 | 755% 1582 4
15A/14AI24A-100 | 100:5% 20+2 4
15A/14AI24A-150 | 1505% 3012 4
15A/14AI24A-200 | 200:5% 40+2 5
[ 15A/14A/24A-250 | 250t5% 50+5% 4
[~ 15A/14A/24A-300 | 300+5% 60+5% 4
— 15A/14A/24A-500 | 500+5% | 100+5% 4
TED
15A/14AI24A-1000 | 10005% | 200%5% 4 INTERNALLY TERMINA
MARKINGS AND DIMENSIONS
030
l'“ 127 "-“—-| T[T e
BAXOKK sz | EAE«%E‘ S
ol T e A
L = "
: ] oogg
o 1‘4t;§% ks g%%-uax-1 m—ﬁﬁ?uﬂx-—*
» 5
35 MAx T35 MAX
L1 1L -LAJ.DJZ].DJ S
oo | S oy
0381 254 o aat 10127
‘l_% I‘ T e TYe—x] - L 2 16 m
: 8 Surfaces

Dimensions:inches/mm Unless otherwise specified, all tolerances are +.010/%£0.25
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