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ABSTRACT 

This thesis details the design, fabrication and testing of prototypes of a three-

phase Synchronous Rectifier, Power MOSFETs have been used as rectifying devices for 

synchronous rectification in combination with the necessary control circuits, 

Experiments have been performed in four different conditions, passi\e 

rectification using the body diodes of the MOSFETs at room temperature and at 

cryogenic temperature, synchronous rectification at room temperature and at cryogenic 

temperature. The results of these experiments show that synchronous rectification 

schemes significantly reduce the on-state voltage drop at room temperature and this 

reduction is more pronounced if the MOSFETs are cooled with liquid nitrogen. 

Reduction of the on-state voltage leads to the reduction in conduction losses and 

improves the power handling capability especially at cryogenic temperatures. 
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CHAPTER I 

INTRODUCTIOX 

The requirements of supply voltage levels in electronic equipment, such as 

computers, have been lowered, for example, in a 2-3V range. This is because of 

increasing integration of logic gates on a single monolithic substrate.'* Again low 

operating voltages increase the life of batteries used in portable appliances such as laptop 

computers. The conventional rectifier, that uses passive elements like diodes, Schottky 

diodes, has a large current independent voltage drop which can be the big source of 

power loss, especially in switching power supplies with low output voltages. To enhance 

the efficiency of the power supply unit, MOSFETs with a low voltage rating and very 

low on-resistance, Rds(on) can be used to replace the diodes of the conventional design. 

These devices are treated as Synchronous Rectifiers in the above-mentioned type of 

applications."^ 

Synchronous rectification however is not limited to the low voltage regime, and 

the principal benefits are the same, A three-phase synchronous rectifier uses power 

MOSFETs in place of passive diodes that are commonly used in conventional rectifiers. 

The conduction path for current of pn-junction devices has an inherent current 

independent voltage drop of around 0.7 volt for silicon. The power MOSFET has a 

current dependent voltage drop and can be treated as a resistive element in the ohmic 

region. 



An application of appreciable positive gate voltage with respect to the source will 

convert the silicon surface under the gate oxide into an n-type channel, thus connecting 

the source to the drain, allowing current to flow (Figure 1,1), This is the on state of power 

MOSFETs, In this state these devices have a continuous n-doped (or p-doped) conduction 

channel. This channel has no current independent voltage drop and acts like a resisti\e 

element. This is referred as on-resistance [Rds(on)] of a power MOSFET. 
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Figure 1.1. Vertical cross-section and schematic diagram of an n-channel 

power MOSFET,^ 

The on-resistance of the power MOSFET can be reduced appreciably by cryo-

cooling. In addition, MOSFETs can be paralleled easily because of the positive 

temperature coefficient of on-resistance. So cryo-cooling and/or paralleling of MOSFETs 

can achieve arbitrarily low on-state voltage and corresponding low losses. In this design. 

the body diode of the n-channel power MOSFET is used for passive rectification which 



can be switched to active (synchronous) rectification by applying an appropriate gate 

drive signal to the power MOSFETs. 



CHAPTER n 

OPERATION OF POWER MOSFET 

(METAL OXIDE FIELD EFFECT TRANSISTOR) 

AT CRYOGENIC TEMPERATURES 

The performance of power MOSFETs can be improved significantly by operating 

at cryogenic temperature. For these semiconductor devices, cryogenic temperature 

reduces conduction losses and increases power handling capability. This is especially 

true for high voltage devices. So for better performance, operation of these devices in the 

cryogenic temperature environment is advantageous. 

Topologv 

The number of charge carriers in the neutral and depletion regions affects the operation of 

power MOSFETs at low temperature. On-resistance [Rds(on)] and breakdown voltage of 

the devices depend upon the number of carriers in the neutral region and the number of 

ionized donors in the depletion region, respectively." 

On-resistance rRds(on)] 

Total electrical resistance between the source and the drain terminals during 

conduction (on state) is referred to as the on-resistance, Rds(on) of the power MOSFET. 

Rds(on) decreases due to increase in carrier mobility at lower temperatures. In the 

vicinity of the room temperature, electron mobility can be expressed by Equation (2.1).' 



/ /„=1360(-—)-^^ 300 . 4̂  
T^ ' (2.1) 

Where 

fin = Mobility of electron in cm~A^s 

T = Temperature in degrees Kelvin. 

Reduced scattering of electrons by the lattice vibration at lower temperature is 

responsible for the increase in mobility. The dependence of Rds(on) on temperature can 

be shown in the following analytical expression (Equation 2.2).' 

Rdsion) = Rds^^ {on){-^y-\ C-.2) 
300 

Where 35 K<T < 300 K 

Rds(on) starts increasing at T<35 K due to the carrier freeze-out.'^ So operation of 

power MOSFETs is restricted to above 35 K, 

For temperatures above room temperature (T>300 K) the following equation ' applies: 

T 
Rds{on) = Rds {on){—-)\ (2.3) 

300 

Maximum junction temperature, Tjmax = T = 150°C for IRF 740 MOSFETs. 

Figure 2.1 shows the temperature dependence of the on-resistance for the 

International For Rectifier (IR) Power MOSFET IRFBE20-ND (X-channel enhancement 

type). ' Rds(on) can be decreased to one-twentieth of the value at 150°F if the device is 

cooled down to LN: (liquid Nitrogen) temperature (-319°F). 
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Figure 2.1: Temperature dependence of Rds(on) for IRFBE20-ND 
power MOSFET device. 

Breakdown Voltage 

The breakdown voltage is an important property of merit for power MOSFET 

devices. The breakdown voltage of these devices is reduced with a decrease in 

temperature. This is because in the mean free path of carriers increases at lower 

temperature, which results in more energy for a given electric field prior to collisions 

resulting in a lower avalanche breakdown voltage." 

Figure 2.2 shows the temperature dependence of the breakdown voltage for the 

International Rectifier (IR) Power MOSFET IRFBE20 (X-channel enhancement type). ' 

The decrease in breakdown voltage at cryogenic temperatures is moderate. 
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Figure 2.2: Breakdown voltage versus Temperature (For IRFBE20). 

Other Considerations 

The voltage drop across the inherent body diode of the power MOSFET de\ ices 

increases with the decrease in temperatures.' 



CHAPTER ni 

CIRCUrr MODEL FOR THE 

3-PHASE SYNCHRONOUS RECTIFIER 

Circuit Model for PSpice Simulation 

A PSpice simulation was performed before the experimental model was built. 

Figure 3.1 shows the top level of the circuit used for the PSpice simulation of a 3-phase 

Synchronous Rectifier. In this schematic, six MOSFETs are arranged in a standard three-

phase bridge configuration, Each leg is fed by a 3-phase AC source. Two hierarchical 

blocks placed to the left of the AC source provide gate signal generation and le\'el 

shifting, The potential of source terminal of the high side MOSFETs Ml, M3, M5 is 

floating between the positive and the negative DC bus level, and is depending on the 

switching stage of the MOSFETs of each phase leg. The level shifting is required as 

power MOSFETs need 15 volts gate bias with respect to the source to tum on. 
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Figure 3,1: Top level schematic of the Synchronous Rectifier for PSpice Simulation. 



Results of PSpice Simulation 

Figure 3.2 shows the result of a PSpice simulation of the schematic shown in 

Figure 3.1, Application of the synchronous rectification scheme reduces the on-state 

voltage drop from approximately IV to 0.2V. This illustrates the reduction of on-state 

losses by the synchronous rectification scheme, It is expected that the reduction is much 

more during cryogenic operation due to the reduction of on-state resistance. 
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Figure 3,2: Results of PSpice simulation. 



Gate-Pulse Generating Circuit 

Figure 3,3 shows the block diagram for the experimental set up, The gate control 

signal must turn on the power MOSFETs during the conduction phase of the bod\ diodes 

to effectively bypass the body diodes from conducting. For this purpose, the controller 

circuit for gate-drive pulse generation was developed. 

GATE-DRFVE 
PULSE 
GENERATOR 

THREE-PHASE AC . 
SUPPLY 

GATE 
DRIVER 

THREE-PHASE BRIDGE 
RETIFIER 
WTTH POWER MOSFET 

Figure 3.3: Block diagram of the three phase Synchronous Rectifier. 

The schematic of the controller circuit shown in Figure 3.4. This circuit uses a 

conventional 3-phase diode (pilot) rectifier with a small load to determine the conduction 

interval of each of the six diodes, Six HP6N136 optocouplers are used as a sensing 

element, These diode-transistor optocouplers provide electrical insulation between input 

and output by use of an insulating layer between the LED and the integrated 

photodetector, Separate connection for the photodiode bias and output-transistor collector 

increases speed compared to the speed of a conventional phototransistor coupler by 

reducing the base-collector capacitance.^ The optocouplers are connected such that the 

input LEDs are in series with the rectifying diodes, Since the reverse blocking voltage 

capability of LED is only a few volts, a small signal diode (free-w heeling diode) is 

10 



connected anti-parallel with the main LED of each optocoupler to direct the re\erse 

blocking voltage to the main rectifier diode. 
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Figure 3,4: Schematic of controller circuit of the Synchronous Rectifier 
for gate-drive pulse generation. 

Experimental Prototype for the Svnchronous Rectifier 

An experimental prototype was built using Intemational Rectifier IRF 740 power 

MOSFETs and an IR 2130 driver chip for testing the concepts and ideas acquired for the 

synchronous rectifier. Figure 3.5 shows the complete schematic for the 3-phase 

synchronous rectifier connections with a 3-phase MOSFET Bridge and an IR 2130 driver 

chip. 

11 
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Figure 3.5: Schematic of 3-Phase Synchronous Rectifier with IRF 740 MOSFETs and IR 
2130Dri\er, 

The IR 2130 is a high speed, high voltage power MOSFET and IGBT driver with 

three isolated low and high side channels, It will provide cross conduction lockout, thus 

preventing both MOSFETs of one leg turn on simultaneously, A further protection 

against the overlap when nearly coincident transitions take place in the gate signals for 

the upper and lower MOSFETs in the same channel by providing several )i-second 

blanking time between the turn on of gate signals for the upper and lower device in each 

phase leg, The IR 2130 has an undervoltage detector circuit to monitor the Vcc level that 

provides an input to inhibit the six outputs of the signal generator circuits. High side 

MOSFETs need floating power supplies and this purpose is achieved by a bootstrap 

method, Three capacitors and three diodes (in the top position) on the right side of the 

driver chip in Figure 3.5 constitute three bootstrap circuits for these three floating power 

supplies, The displacement current that flows due to the switching action of the lower 

MOSFETs charges the bootstrap capacitors, The bootstrap diodes rectify the 

displacement current, The three diodes in the bottom-right side of the IR 2130 de\ ice of 

12 



Figure 3,5 act as a clamping diodes to protect the outputs of the driver chip from negative 

voltage with respect to ground. A signal from the current viewing resistor is fed into the 

ITRIP input of the driver chip to shut down the device in an overcurrent situation. 

Assembling of the Prototvpe 

An experimental prototype was assembled and tested. An incandescent light bulb 

was used as the load. The average voltage across the light bulb adjusted to 120 V DC. 

Figure 3.6 shows the photograph of the experimental set up. A thermocouple probe was 

used for measuring the temperature of the MOSFETs to verify the on-state losses during 

synchronous rectification. 

Figure 3.6: Photograph of the experimental set for the Synchronous Rectifier. 

13 



Analvsis and Testing of the Svnchronous Rectifier 
at Room Temperature 

For analysis the operation of the prototype synchronous rectifier, a Tektronix TDS 

360 oscilloscope was used with a pair of differential probes. The oscilloscope traces in 

Figure 3,7 show the operation of the synchronous rectifier with the gate drive signals 

turned on. The upper signal (channel 2) of this figure shows the drain to source voltage 

(Vds) across a power MOSFET with the corresponding gate driving signal (Vgs) 

(channel 1) of that MOSFET below. The zero level for the upper signal is exactly in the 

middle of the grid of the screen. Positive values of the upper signal indicate reverse 

blocking operation of the MOSFETs. Vds extends below zero level during the on-state of 

the MOSFETs. The effective voltage scale of the scope trace of the channel 2 with the 

attenuation factor of the differential probe is IV/div. From the scope traces. it is obvious 

that the on-state voltage is reduced from approximately 0,8V to 0.4V by tuming on the 

gate drive signal. So it is evident that the synchronous rectification scheme reduces the 

on-state losses and hence increases efficiency. 

14 
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Figure 3.7: Oscilloscope traces of Vds and Vgs of a MOSFETs of the Synchronous 
Rectifier with gate drive signal turned on. 

Analysis and Testing of the Svnchronous Rectifier 
at Crvogenic Temperatures 

For analyzing the prototype synchronous rectifier at cryogenic temperatures, the 

power MOSFETs were cooled with liquid nitrogen. Heatsinks have been mounted onto 

back plate of the TO-220 case (drain connection) for this purpose. In order to cryo-cool 

the MOSFETs; the heatsinks have been totally immersed in liquid nitrogen. A 

photograph of this set up shown in the Figure 3.8. 

15 



Figure 3.8: Photograph of the Synchronous Rectifier with MOSFETs operating in LN^. 

For measuring the gate drive voltage and the drain to source voltage, a Tektronix 

TDS 360 oscilloscope was used with a pair of differential probes. Figure 3.9 shows the 

position of the zero level of the drain-source voltage (Vds) (upper trace) and the 

corresponding gate drive voltage (Vgs) of a MOSFETs. Figure 3.10 shows Vds and Vgs 

of the same arrangement at liquid nitrogen temperature. The effective voltage scale with 

the attenuation factor of the differential probes is 0.5V/div for the upper trace of the 

Figure 3.10. Analyzing the above traces, it is seen that the effective on-state voltage is 

reduced from approximately from 0.8V to 0.25 V by the synchronous rectification 

scheme at cryogenic temperatures. 

16 
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Figure 3.9: Scope trace showing the position of the zero level for the Drain-Source 
voltage that will be shown in the upper trace of Figure 3.10. 
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Figure 3,10: Scope traces showing the operation of the Synchronous Rectifier prototype 
at cryogenic temperature. 
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CHAPTER P/ 

HIGH POWER SYNCHRONOUS RECTIFIER 

Experimental Setup for the High Power Svnchronous Rectifier 

In order to obtain information on scalability of Power handling capability. a high 

power synchronous rectifier was built using Semikron SKM 254-F power MOSFETs. A 

3-phase gate driver board, Semikron model SKMI-40, was used to supply the gate pulse. 

The experimental setup can be best described by the block diagram shown in the Figure 

4.1, 

3-phase AC supfáy 

Gate-drive pulse 
Generator 

- ' ^ ^ Interføæ 
" ^ board 

3^ 
3-phase bridge circuit 

3 ^ 
Galedriver 

Figure 4.1: Block diagram of the experimental setup. 

The driver board furnishes six magnetically isolated channels for driving the six 

power MOSFETs in a 3-phase, full bridge configuration, The driver board furnishes gate 

pulses for each MOSFETs with separately adjustable rise time and fall time, It does not 

permit both MOSFETs in one leg to conduct simultaneously (so-called cross conduction 

lockout) and provides adjustable blanking time for the two adjacent switches of the same 

leg. Furthermore, the board monitors the instantaneous drain-source voltage of the 

18 



MOSFETs for overcurrent protection and the prospective channel is tripped off in 

overcurrent situation, This is called de-saturation monitoring,' In this case, the threshold 

for the drain-source voltage is 7,0 V. 

Figure 4.2 shows a picture of the high power synchronous rectifier, AMP 0.1" 

Flat FTex cable assemblies were used for connecting the gate driver board with the power 

MOSFETs and interface board. The interface board is designed to connect the input of 

the gate driver board to the gate pulse generating unit (Figure 3.4) and convert the 5V 

active low gate drive signals needed for the IR 2130 driver used b>efore, to I5V active 

high gate drive pulses required for SKHI-40 board. 

Figure 4.2: Picture of the High Power Synchronous Rectifier with Gate Driver Board and 
power MOSFETs, 
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Analvsis and Testing of the High Power 
Svnchronous Rectifier at Room Temperature 

An incandescent light bulb rated 150W/120V was used as a load along with a 

Tektronix TDS 360 oscilloscope and a pair of differential probes for testing the high 

power synchronous rectifier at room temperature. Figure 4.3 shows the voltage across a 

power MOSFET, drain-source voltage, Vds (upper trace) with gate signal tumed off The 

zero level of the upper trace is the horizontal center of the screen. Positive values of the 

Vds indicate reverse blocking operation. 
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Figure 4.3: Scope traces of voltage across a power MOSFET with corresponding gate-

drive signal tumed off 

Negative drain-source voltage occurs during on state of the MOSFETs. Figure 4.4 

shows the operation of the synchronous rectifier with the gate drive signals turned on. 

The effective voltage scale of the upper trace with the differential probe attenuation 
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factor are 0.5\ /div. Comparing Figures 4.3 and 4.4 it can be shown that, the s\nchronous 

rectification scheme improves the performance by reducing the effecti\ e on-state \ oltage 

from0.6Vto0.1V. 
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Figure 4.4: Scope traces of voltage across a power MOSFET with corresponding gate 
drive signal below (tumed on). 

Analvsis and Testing of a High Pow er 
Synchronous Rectifier at Crvogenic Temperature 

To investigate the behavior of the high power synchronous rectifier at cryogenic 

temperatures, the power MOSFETs was tested with Liquid Xitrogen. Heatsinks have 

been mounted onto the backside of the power xMOSFETs for efficient heat transfer. 



Figure 4.2 shows the picture of the setup. The circuit works w ith two incandescent light 

bulbs of combined power rating 250W, The DC voltage across the load was set to 120\'. 

A double heat insulated plastic container w as used to hold the MOSFET-Heatsink 

unit. The LN^ was slowly poured into the container such that whole heatsink and the 

bottom part of the MOSFETs were immersed. The unit was not working and all the three 

fuses were distended within a few minutes, After investigation it was found that each of 

the three MOSFET modules had at least one shorted transistor, and man\' of the gates 

were shorted. The gate driver board, which was not immersed in the LN:. was still 

operational. The possible reasons for failure are thermal stress cracks or gate breakdown 

due to over-voltge. The SKM 254-F MOSFETs unit is not hermeticalh sealed. As a 

result the gate could experience overvoltage by condensation. Since the pow er MOSFETs 

have a positive temperature coefficient of on-resistance, the low power devices like IR-

MOSFETs can achieve high power handling capability by parallel operation. 

22 



CHAPTER V 

ANALYSIS OF THD, PF AND DPF FOR 

HIGH POWER SYNCHRONOUS RECTIFIER 

Definition of THD, PF and DFP 

Power electronic equipment usually draws current from the utility system that 

deviates significantly from a sinusoidal waveform. This distorted current can distort the 

utility-voltage. 

Total Harmonic Distortion; THD is an index to measure the amount of distortion 

in the voltage or current waveform.^ The THD of a parameter (voltage or current) is 

defined as 

THD= 
^dis 

Y sl 

dis"A/ s sl 

Where, 

Yjjjg = rms value of distorted parameter. 

Y_ = total rms value of the parameter. 

Ygi = rms value of the fundamental 

component of parameter. 

Power Factor is a measuring tool for effective usage of average real power by the 

load. The harmonic components of current do not add to the a\ erage power draw n from 
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the sinusoidal voltage source.^ Assuming the utility input voltage to be purelv sinusoidal. 

the PF can be defined mathematically as: 

PF^ 
\ % l ^ j . C O S 0 

^ s - I s 

Where, 

cos ô 1 = Displacement Power factor. DPF, 

Vg = rms value of the total parameter. 

Igl = rms value of the fundamental 

component of current, 

The Displacement Power Factor is the cosine of the phase difference betw een V, 

and Isi, which is same as the Power Factor for pure sinusoidal voltages and currents. So 

PF can be written as follows: 

h\ 
PFS:^DFP 

Experimental Accessories 

The Tektronix THS 720P oscilloscope is used along with the Tektronix TDS 360 

for the experiment. Measurements of Power and THD can be done b\' the THS 720P. 

Both oscilloscopes have digital storage capability and are equipped with RS 232 ports. 

Tektronix Wavestar software was used to extract the records from the oscilloscopes. The 

THS 720P was outfitted with a 10x-\oltage probe. It also equipped with a Hall-effect 

current sensor (clamp-on style current probe) with a 100m\7A setting. Two incandescent 
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light bulbs of I50W and 75W were used combinedly as a load of 120V DC output 

voltage. 

THD Analvsis 

The measurement of the Total Harmonics Distortion of AC line to neutral \'oltage 

is shown in Figure 5.1. This figure shows the screen pictures acquired from the THS 

720P oscilloscope with the help of the Wavestar software. The left picture shows the 

result of the passive rectification with the body diodes and the right one represents with 

synchronous rectification on. There is no significant difference between the pictures of 

Figure 5.1. The results are expected because the load is purely resistive and the gate pulse 

generation closely matches with the commutation during passive rectification. 
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Figure 5,1: Total Harmonic Distortion of Input AC line-neutral Voltage, 

Figure 5.2 shows the THD measurement of the input line current. As expected 

there is no significant difference between the results taken with or without synchronous 
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rectification excited. In both the cases, the AC input current has only odd harmonics. This 

is expected, as there is no DC component in the input supph. The load does not have an\ 

neutral, The triplen harmonics are absent since they are all in phase (3X120° = 360° = 0°) 

and would have to return through the neutral of the AC source that has no connection 

with the load. 
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Figure 5.2: THD of Input Current. 

PF and DPF Analvsis 

The Power factor and Displacement Power factor measurement performed in the 

THS 720P oscilloscope is shown in Figure 5.3, This is the screen picture of the results of 

various power factor related parameters of Power of phase A measured on the AC source 

side. 

The PF and DFP are same with or without synchronous rectification tumed on. 

Total Power Factor is good (96%) and DPF is unity. For the fixed load of total 
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225W/120V, the amount of power required by the synchronous rectifier is lower than that 

of diode rectifier. The calculations in Figure 5.4 represent the comparison. This is 

expected because synchronous rectification scheme reduces the on-state voltage, i.e.. the 

power loss. 
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Figure 5,4: The results of efficiency measurements with and without synchronous 
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CHAPTER VI 

GENERATION OF PRINTED CIRCUIT BOARDS 

FOR THE SYNCHRONOUS RECTEFIER 

BASED ON IRF 740 MOSFETS AND IR 2130 DRIVER. 

Modification on Gate Drive Generation Circuit 

The load resistor (Rload of Figure 3,4) of the pilot rectifier has been reduced from 

lOk ohms to 8k ohms, This reduction forces the output of the optocoupler harder into the 

saturation at the logic low level and will turn on the MOSFETs faster during conduction 

of the body diode and reduce on-state loses. 

PCB Lavout for Gate Drive Generation Circuit 

Figure 6,1 shows the gate drive generation circuit with the PCB elements such as 

headers and connectors, In order to design the circuit board layout, custom symbols for 

the optocouplers and the IR 2130 driver have been created at all levels of design. A 

complete custom symbol includes a graphical representation on a schematic page, 

definition of pin names, footprints, and specifying width, clearance and padstacks for the 

PCB layout design, 

Figure 6,2 shows the top and solder layer of the PCB layout for the gate drive 

generation circuit shown in Figure 6,1, The board has plated-through vias and plated-

through holes for components, Capital Electronics is the manufacturer of the boards. 
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Controllerfor Synchronous Rectifler 
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Figure 6.1: Complete schematic of gate-drive pulse generation circuit with the PCB 
elements. 

Figure 6.2: PCB Layout of the circuit board for the gate drive signal generation circuit 
showing the traces of both signal layers. 
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A header with 10 pin, 0,1" spacing, was used to connect this circuit board with the 

synchronous rectifier board that include IRF 740 MOSFETs and IR 2130 driver, Three 

three-pole terminal blocks with screw connections are provided to link the phase A, B, C 

required for voltage sensing, to employ the power supply (GND, -i-5V, -I-15V) and to fetch 

and carry the current monitoring signal from the IR 2130, Figure 6,3 shows the 

assembled gate pulse generating board. 

Figure 6.3: Picture of the assembled gate pulse generating board. 

In order to test the assembled board, it was run in parallel with the old breadboard 

version while comparing the output gate drive signals, The output signals of both the 

circuits were matched and after that old breadboard circuit was disconnected, The new 

board was connected to the synchronous rectifier and the proper operation of the circuit 

was verified. 
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Modification of the Svnchronous Rectifier Circuit 

In order to cool the entire circuit not just the MOSFETs, se\eral modifications 

have been made to improve the stability of the circuit at liquid nitrogen temperature and 

to adapt the circuit with the IR 2130 driver. The metal film resistors, which are more 

stable in liquid nitrogen, replaced all the resistors including current viewing resistor. The 

pot for the current trip threshold (current shunt of Figure 3.5) was excluded and replaced 

with the direct connection from the built-in op-amp of the IR 2130. 
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Figure 6.4: Modifled schematics of the power circuit of the Synchronous Rectifier with 

the PCB elements. 

Figure 6,4 shows the modified schematics of the synchronous rectifier circuit with 

the PCB elements. The IR 2130 driver is originally designed for an inverter circuit, When 

the circuit is operating as a rectifier, the DC voltage drop across the current viewing 
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resistor is negative (Figure 3.5). In order to rectify this problem, current monitoring op-

amp of the IR 2130 driver was changed from non-inverting amplifier to an inverting 

amplifier, This was done by appropriate changes of the extemal circuit. 

The overcurrent trip and current monitoring op-amp's output was working 

correctly after the changes have been made. The lower trace of Figure 6.5 shows the 

oscilloscope traces of the DC current signal (Idc) from the current monitoring op-amp of 

the IR 2130 driver with drain-source voltage of MOSFET (upper trace). The effecti\e 

scale factor for the Idc is 500mV/did, 
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Figure 6,5: Oscilloscope traces of Vds and Idc, 
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PCB Lavout for Power Circuit of Svnchronous Rectifier 

The PSpice library has neither a schematic symbol nor a PCB footprint for the IR 

2130 driver, For the generation of a PCB layout of the power circuit of the synchronous 

rectifier, a symbol and three footprints were created, Figure 6,6 show s the PCB footprints 

for DIP28, S028W (surface mount) and LCC44 (chip carrier) package options that were 

created for the IR 2130 driver. 

Figure 6,6: Picture of DIP28, S028W and LCC44 footprints for IR-2130 driver. 

A surface mount footprint was also created for IRF 740 power MOSFETs, The 

PCB layout for the power circuit of the synchronous rectifier is shown in Figure 6.7. The 

copper traces (dark traces in monochrome version) on the top of the PCB are shown in 

red whereas the blue layers (light traces in monochrome version) are on the bottom of the 
33 



board, On the topside, silk-screen outlines of the footprints are indicated b\ the purple 

color (semi dark trace). The footprints for the three bootstrap capacitors placed on the 

right side of the footprint for the IR 2130, Capacitors up to l|iF can be accommodated in 

these footprints, which are necessary due to the slow recharge frequency. 

Figure 6.7: PCB layout for the power circuit of the Synchronous Rectifier, 

Figure 6.8 shows the assembled PCB board for the power circuit of the 

synchronous rectifier, This board contains six surface mounted IRF 740S power 

MOSFETs and the IR 2130 driver with the necessary passive elements, A lO-pin header 

on the left side of the IR 2130 driver connects this circuit with the gate drive generation 

unit, 3-pole terminal blocks with screw connections on the right side of the circuit board 

are used for the 3-phase AC supply and the DC output, Between the MOSFET bridge and 
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the IR 2130 driver, three large bootstrap capacitors of l^iF provide the energy source for 

the floating power supplies for the high side MOSFETs, 

Figure 6.8: Picture of assembled PCB board of the Synchronous Rectifier with power 
MOSFETs and IR 2130 driver. 

The assembled board was connected with the gate drive controller board and 

tested at room temperature, The increased value of the bootstrap capacitor improved the 

performance as this capacitor is recharged only at the tuming on period of the low side 

MOSFETs, The frequency of this application is significantly less than for typical PWM 

inverter application, Thus small capacitor cannot be charged properly for generating 

appreciable floating power for the high side MOSFETs, 
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CHAPTER Vn 

RESULTS 

Experimental Set up and Testing 

For analyzing the operation of the synchronous rectifier assembled on a PC 

Board, a Tektronix TDS720P oscilloscope was used, This oscilloscope has digital storage 

capability with an RS 232 port. This oscilloscope has 2 channels with floating grounds. 

Therefore a differential probe is not required for floating signals. Tektronix Wa\estar 

software was used to extract the records from the oscilloscope. 

At first, the power circuit board that contains six surface mount IRF 740 powcr 

MOSFETs and IR 2130 driver with the necessary passive elements was tested at room 

temperature with the gate controller in order to ensure functionality and to take data. 

After that, the power was removed and liquid nitrogen (LN^) was poured into the w hite 

plastic container containing the PCB board with the surface mount MOSFETs such that 

the circuit was completely immersed. After the necessary data had been taken the power 

supply was cut off and the circuit was allowed to regain room temperature. .After the 

evaporation of LN^ a thick layer of condensation formed on the top part of the circuit. 

which might lead to a short circuit. That is why the circuit board was isolated from the 

power supply in the thawing phase. Figure 7.1 shows a picture of the PCB board for the 

power circuit of the synchronous rectifier immersed in LN: under power. After the circuit 

was back at room temperature it was tested again to confirm functionality. 
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Figure 7,1: Picture of the synchronous rectifier with the power circuit board immersed in 
LN2. 

Results of the Experiments 

Two incandescent light bulbs of 75W and 150W rating have been used as the load 

separately, The DC output voltage across the bulbs was adjusted to 120V. The 

experiments were performed for the two different loads (75W and 150W). Upper traces 

(channel 1) of the osciUoscope traces shown in Figures 7,2 to 7.9 are the drain to source 

voltage (Vds) across a power MOSFET and the lower traces (channel 2) are the 

corresponding gate driving signals (Vgs) of that MOSFET. The zero level for the upper 

signals are exactly in the middle of the grid depicted in the traces. Positive values of the 

upper signals indicate reverse blocking operation of the MOSFETs. Vds extends below 

zero level during the on state of the MOSFETs, 
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ResLills for 75\\' Load 
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Figure 7,2: Screen picture of the oscilloscope traces with synchronous rectification off 

Status for the traces of Figure 7,2: 

Synchronous Rectification: off 

Environment: Room Temperature 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: 0.7V (approximately). 
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Figure 7.3: Screen picture of the oscilloscope traces with synchronous rectification on. 

Status for the traces of Figure 7,3: 

Synchronous Rectification: on, 

Environment: Room Temperature 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: 0.35V (approximately). 

In conclusion, at room temperature, the on state voltage is reduced from 0.7V to 0.35V 

by the synchronous rectification scheme. 
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Figure 7.4: Screen picture of the oscilloscope traces with synchronous rectification off at 
LNo. 

Status for the traces of Figure 7.4: 

Synchronous Rectification: off 

Environment: LN^ Temperature 

Temperature: -195°C 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: I.IV (approximately). 
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Figure 7.5: Screen picture of the oscilloscope traces with synchronous rectification on at 
LN.. 

Status for the traces of Figure 7.5: 

Synchronous Rectification: on. 

Environment: LN^ Temperature 

Temperature: -195°C 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: 0.05V (approximately). 

In conclusion, at liquid nitrogen temperature, the on state voltage is appreciably reduced 

from I.IV to 0.05V by the synchronous rectification scheme. 
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Resultsfor 150W Load 
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Figure 7.6: Screen picture of the oscilloscope traces with synchronous rectification off 

Status for the traces of Figure 7.6: 

Synchronous Rectification: off 

Environment: Room Temperature 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: 0.75V (approximately). 
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Figure 7.7: Screen picture of the oscilloscope traces with synchronous rectification on. 

Status for the traces of Figure 7.7: 

Synchronous Rectification: on. 

Environment: Room Temperature 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: 0.6V (approximately). 

So at room temperature, the on state voltage is reduced from 0.75V to 0.6V b\' the 

synchronous rectification scheme. 
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Figure 7.8: Screen picture of the oscilloscope traces with synchronous rectification off at 
LN2. 

Status for the traces of Figure 7.8: 

Synchronous Rectification: off 

Environment: LN2 Temperature 

Temperature: -195°C 

Voltage scale for Vds: 500mV/div 

On state voltage drop (Vds) across MOSFET: I.IV (approximately). 
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Figure 7.9: Screen picture of the oscilloscope traces with synchronous rectification on at 
LN2. 

Status for the traces of Figure 7,9: 

Synchronous Rectification: on, 

Environment: LNo Temperature 

Temperature: -195°C 

Voltage scale for Vds: 500mV/div 

On state vohage drop (Vds) across MOSFET: 0,1V (approximately), 

In conclusion, at liquid temperature, the on state voltage is appreciably reduced from 

I.IV to 0,1V by the synchronous rectification scheme. 
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Performance Analvsis 

The performance of the synchronous rectifier with the IRF 740 power MOSFETs 

is sensitive to the increase of the load, Table 7,1 shows the comparison of the on state 

voltage drop across the MOSFETs with and without synchronous rectification scheme. 

Table 7.1: Comparison of the on state voltage drop across the MOSFETs. 

On state voltage 

Load Drop 

\ ^ 

75W 

150W 

On state Voltage drop across 

Synchronous Rectification Off 

Room Temp. 

0.7 

0.75 

LN2 Temp. 

1.1 

1,1 

The Power MOSFET (Volts) 

Synchronous Rectification On 

Room Temp, 

0.35 

0.6 

LN2 Temp. 

0.05 

0.1 

The maximum power throughput at 25°C temperature for the IRF 740 MOSFETs 

is 125W, For a load of 150W, the synchronous rectification scheme cannot reduce the on 

state voltage drop at room temperature, By operating the synchronous rectifier at 

cryogenic temperatures the on state voltage can be reduced applicably and hence the 

efficiency of the rectifier is increased, 

The voltage drop of the body diodes at cryogenic temperatures is larger than that 

at room temperature, This is due to the fact that the voltage drop across the body diode 

increases with a decrease in temperature,' 
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CHAPTER Vm 

CONCLUSIONS AND COMMENTS 

This thesis demonstrates the design and fabrication of a three-phase Synchronous 

Rectifier using power MOSFETs, The power MOSFETs have been operated at room 

temperature and at cryogenic temperatures, The cryogenic environment has been 

provided by immersing the MOSFETs into liquid nitrogen, 

The Synchronous Rectifier has been tested successfully both at room temperature 

and at the cryogenic temperature, The synchronous rectification scheme lowers the on 

state voltage drop of the MOSFETs which leads to a significant reduction in power losses 

in the rectifier, especially if the MOSFETs are cryo-cooled, 

This report discusses a low power synchronous rectifier. The power handling 

capability can be increased by parallel operation of MOSFETs. Since they ha\e a positive 

temperature coefficient of on-resistance, they share the current well in parallel 

connection. 
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APPENDDC 

DATA SHEET OF THE DEVICES USED FOR FABRICATION OF THE 

SYNCHRONOUS RECTIFIER 

internatíonal 
1?§ Rectîfîer 

PD-9.1010 

RF740S 
HEXFET^ Power MOSFET 

• Surface Mouní 
• Available in Tape & Reel 
• Dynamic dv/dt Rating 
• Repeîitive Avalanche Rated 
• Fast Switching 
• Ease of Parailellng 
• Simple Dríve Requirements 

Description 
Third Generation HEXFETs from International Roctifier provide the designer 
with the best combinatJon of fast switching, mggecfized cJevice design, low 
on-resislance and cost-effecîiveness. 

The SMD-220 is a suríace mount power package capable oí accommodating 
die sizes up to HEX-4, It provides the highesí power capability and the lowest 
possíble on-resistance in any existing surface mount package, The SMD-220 
is suilable íor high current applications because of its tow internal connection 
resislance and can dissipate up to2.0W in a typical surface mount application. 

VDSS - 400V 

^DS(on) = 0.550. 

I D = 1 0 A 

A b s o l u t e IVIaximurn Ratrngs 

b @ Tc = 25=C 
JÍD @ Tc=^ 100°C 

IDM 

Parameter Max. Unlts 
Continuous Drain Current, V E S @ 10 V 10 
Continuous Prain Curr&nU Vgs @ tO V 6.3 ^ A 

Pulsed Drain Current (T> 40 
j P D @ Tc = 25°C 
i P D @ TA = 2S^C 

Power Díssipation 
Power Dlsslpation (PCB Moun t ) " 

125 
3.1 

W 

Linear Derating Factor 1 0 
Linear OeTating Factor (PCB Mount) ' 0.025 

W/=C 

VGS Gate-to-Source Voltage ±20 V 

Figure A.l: Data Sheet of IRF 740S MOSFET, 

Electrical characteristics of IRF 740S are same as that of IRF 740, 
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intemational 
^Rectifier 

PD-9.375H 

IRF740 
HEXFET® Power M O S F E T 

• Dynamic dv/dt Rating 
• Repetitive Avalanche Rated 
• Fast Switching 
• Ease of Paralleling 
• Simple Drive Requirements 

Description 

Third Qeneration HEXFETs from rntemational Rectifier provide ttie designer 
with the besr combination of fast switching, ruggetíized devicø design, low 
on-resistance and cost-effectiveness. 

The TO-220 package is universally prefenred for all commercial-industriaí 
applications at power dissipation levels to approximately 50 watts. The low 
thermal resistønæ and tow package cost of Ihe TO-220 contribute to its wide 
acceptance throughout the industry. 

Voss = 400V 

RDS(on) = 0.55Í2 

ID = 1 0 A 

Absolute Maxlmum Ratings 

{D «© Tc = 25"C 
rD@Tc = 100'C 
JDM 

PD @ Tc = 25°C 

VGS 

Parameter 
Continuous Drain'Current, Ves @ 10 V 
Contir jous Drain Current. VG.<Î @ 10 V 
Pulsed Drain Current (î) 
Power Dlsstpation 
Línear Deratíng Factor 
Gate-to-Source Voltage 

Max. 
10 
6.3 
40 
125 
1.0 
±20 

' Units 
'• 

'. A 
1 

' W 
1 W/^C 

! V 

Electrlcai Ciiaracterlstícâ @ Tj = 25'C (unless ottierwise specifled) 
Parameter Min. Typ. Max. Units Test Conditions 

V(Bn)Dss 

AV[BR)DSS/ATj 

Drain-to-Source Sreakdowrî Voltage 400 — 
Breakdown Voltage Temp. Coefficient — 0.49 

V_ Vos=OV. ID= 25D^A 

Reference to2S'^. IDÎ= ImA 
RDS/I oiV Slaílc Draln-to-Source On-Resistance 0,55 n VGSSIOV, [O=6.0A (3) 

Vss(th) Gate Threshold Voltage 2.0 4.0 V VDS"VGS, ID= 2 5 0 U A 

Figure A,2: Data Sheet of IRF 740 MOSFET, 
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International 
lOR Rectifier 

Datfl Sheet No. PD6 019H 

IR2130/IR2132 
3-PHASE BRIDGE DRIVER 

Features 
• Flûa[ing cliarinel tíes gned íor bDotsliap operâtíon 

Fij|[y operaliofial to +600V 
Tolenant to neQaU\/e transient vollage 
tíV/íJt immune 

• Gate dílsre supply range from 10 to 20V 
• Unden/oltâge lockoul for all ciiannels 
• Over-citrrent shuldown [urns off all six drivers 
• Independent half-bridge drîvers 
• [í/ialched propagallon deiay for alí ciianneis 
• ûutpuis out of phase wiin inpuis 
• Cross-condijctiûn pfevention logic 

Description 
ThE ][^13Q/[R2132 îs a tîigh voltage, high speed 
power MOSFET and IGBT driver wlth ihree indepen-
denl hlgh and lov; side referenoed outpul chanrels. 
Propriøtary HVIC tochnology enables ruggedlzed 
m nolilhic coiistruclîon. Logic Inputs are carnpatible 
wiUi 5V CIWOS or LSTTL outputs. A Qround-refer-
enced operatlonal amplîfier provldes anaîog feed-
t>ack of bridge cument v a an exteirial current sense 
reststor. A current trip function which tErm nates all 
sîx otitjgutsjs also deli/ed írom thîs fesrslor. An open 
draln FAULT slgnal Indlcates If an over-current or 
undeivoltage shjtdoxvn has occurred, The output 
drlvers fea!ure a high puise current buffBr sfage dC' 
sîgned for minimum driver cross-contíucEion, Propa-
galîon delays are matcîted lo slmpllfy use ai hlgh 
frequencie&, TTie floating channels can be used \o 

ProductSummary 

VoFFSET 

IQ+I' 

VOUT 

ton/off (typ.) 

Deatít me (typ.) 

600V max. 

200mAM20mA 

10-20V 

675 & 425 ns 

2 .6MS( IR2130 ) 

0 .8MS( IR2132 ) 

Packages 

28 Lead PDÍP 

44 LÊâd PLCC w/o 12 Lôads 

drive N-ctiannel power MOSFETs DF IGBTS in IhE 
htgh Bide conE guration whtch operate op to 600 volls. 

Figure A.3: Data Sheet of IR 2130 Gate Driver 
(Features, Product Summary, Packages and Description). 
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Recommended Operating Condítions 

Synnbol 
V B 1 , 2 . 3 

Vs i .2 .3 

^ H O I .2.3 

Vcc 
Vss 

V L 0 1 , 2 . 3 

V|N 

VFLT 

VCAO 

VCA-
T . 

Deflnition 
High Side Floating Supply Vollage 
High Side Floating Offset Voltage 
High Side Floaling Output Voltage 
Low Side and Logic Fixed Supply Voltage 
Logic GroLind 
Low Side Output Voltage 
LogiclnputVoltage(HINl,2.3, LIN1,2,3 & ITRIP) 
FAULT OulpiJt Voltagø 
Operational AmplifÍGrOutpul Voltags 
Operational Ampiifîer Inverting Input Voltage 
Ambient Temperature 

Mln. 
Vsi.2.3+10 

Note 1 
Vsi .2 .3 

10 
-5 
0 

Vss 
Vss 
Vss 
Vss 
-40 

Max. 
Vsi,2,3 + 20 

600 
VB1.2. . ' Î 

20 
5 

Vcx; 
Vss + 5 

Vcc 
5 

5 

125 

Units 

V 

°c 

Note 1: Logic operaíional for Vg of (Vso - 5V) to (Vso + 600V). Logic state held for Vs of (Vso - 5V) to (Vso - VBS) . 

Static Electrîcal Characterístîcs 

Symbol Definition Figure Min. Typ. Max Units TestConditions 
V, ÎH Logic 'O" Input Voltage (OUT = LO) 21 2.2 

Vft. Logic 'V \r\pul Voitage (OUT = Hl) 22 0.8 
V ÍT.TH* ITRiP Input Positive Going Threshold 23 400 490 580 

'JM. High Leveí Output Voltãge. VSÍAS ' VO 24 100 mV V|N = OV. IQ ^ OA 
VQL Low Level Output Voltage, VO 25 100 ViN = 5V, lo = OA 

Figure A.4: Data Sheet of IR 2130 Gate Driver 
(Recommended Operating Conditions and Static Electrical Characteristics). 
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Lead Assignments 

1 1 

1 ' l 
1 e^ 

1 3 

1 4 

1 ^ 
1 ^ 
1 ^ 
1 / 

1 ^ 
1 ^ 
1 ^^ 
\ • " 

1 ^ 2 

1 •'̂  

1 1 4 

^ 
vcc 

HIN1 

HIN2 

HINî  

LIKI1 

LIN2 

LIN3 

FAULT 

ITRir 

CAO 

0/V 

VS3 

vsu 

LÛ3 

y 
VBI 

H01 

VSI 

V B 2 

H02 

VS2 

VB3 

H03 

VS3 

L01 

L02 

28 1 

27 1 

26 1 

V'r\ 1 

2-1 1 

23 1 

22 1 

21 1 

20 1 

19 1 

1R 1 

17 1 

16 { 

15 1 

28 Lead PDIP 

Lead Detinrtions 
Symbol Description 

Logic inputs for high side gate driver outputs (H01,2,3), out of phase HtNI.2,3 

LIN 1,2.3 Logic înputs for low side gaîe driver output (LOI ,2,3), out of phase 

FAULT Indicates over-currenl or undervoltage lockout {low side) has occurred, negative logic 

Vcc Low side and logic fixed suppiy 

ITRiP Input for over-cun'ent shutdown 

CAO Outpuî of current amplifier 

CA- Negative input of current amplifier 

Vss Logic ground 

VBI,2,3 High síde floating supplies 

H01,2,3 High side gate drive outputs 

VS1,2,3 Hígh side floating supply returns 

L01,2,3 Low side gate drive outputs 

Vso Low stde reîurn and positíve input of current amplifier 

Figure A.5: Data Sheet of IR 2130 Gate Driver 
(Lead Assignments and Lead Defmitions). 
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SEMITRANS'̂  2 
SKM 120 B 020 
SKM204A 
SKM214A 
SKM 254 F 

Case D 70 

I-

^ 

H 
h 
h 

-o 1 

-0 2 

UL reoognlzBd, file no. E 63 532 

CAsmTo 

u$ 

1 

, 
S

 
.1

0 

^ — 
" 1 

f) 13 

in 

U j U 
1 

\ ^ 

^ 

T 
7^x0 

1 
1 1 

IM 
(N 

s 

23 , S . 17 

Dímensíons in mm 

VDS 

V 

500 35 

R DS(on) 

mQ 

170 

PD Rthjc Case 

W 

400 

'C/W 

0.31 

Figure A.6: Data Sheet of Semikron SKM-254F MOSFET. 
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unctional Diagr 

NC 

ANODE 

CATHODE 

NC 4 

£ 
r,3 

" ^ 

8 Vcc 
* 

Vo 

5 GND 

NOTE: FOR 4502/3, 0452/3, 
PIN 7 IS NOT CONNECTED. 

TTIUTWTABLE 
(POsmvELoaq 

LED 
ON 
OFF 

Vo 
LOW 
HGH 

The 6N136, HCPL-0501, and HCNW136 are designed for high-speed TTL/TTL 
applications. A standard 16 mA TTL sink current through the input LED will 
provide enough output current for 1 TTL load and a 5.6 k pull-up resistor. CTR for 
these devices is 19% minimum at IF = 16 mA. 

Figure A.7: Data Sheet of HP 6N136 Optocoupler. 
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