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Abstract 

 Currently there is a push for higher switching frequency DC-DC converters, especially in 

mobile and computer applications. Higher frequency operation allows for better transient 

performance and a reduction in the size of magnetic components. This leads to converters with a 

higher power density. However, certain challenges arise from operating at higher switching 

frequencies. Focusing on the Synchronous Buck Converter, efficiency may be degraded due to 

higher switching loss, higher diode conduction loss, and higher gate drive loss.  

 To increase efficiency, different gate drive configurations have been designed with the goal 

of minimizing losses for MOSFETs being switched at high frequencies. Higher efficiency operation at 

higher frequencies can be accomplished with resonant gate drives, which include an inductor in the 

gate drive. The advantages may include: a high, constant gate current that enables faster switching 

and the possibility to return gate drive current to the source as opposed to ground. However, few 

gate drives are able to capture both these advantages – the ones that do suffer from other 

disadvantages such as high component counts, high complexity, and high conduction loss in the 

gate drive. 

 An Asymmetric Complementary Dual Channel Current Source Driver is proposed in this 

thesis specifically designed for a Synchronous Buck Converter. Merits include: a constant, high gate 

current used to switch the Control MOSFET and Synchronous MOSFET; discharging the MOSFETs to 

the source, reducing gate drive losses; lower component count than other designs; and lower 

conduction loss due to reduced precharge and discharge intervals versus other designs.  
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 There are two sides to the gate drive: one driving the Control MOSFET, the other driving the 

Synchronous MOSFET. A coupled inductor links the two sides of the gate drive and transfers charge 

between the gates of the MOSFETs. 

 The proposed gate drive is specifically designed to maximize efficiency when applied to a 

Synchronous Buck Converter. The efficiency is verified and compared via analysis and simulation, 

the operation of the gate drive was verified via simulation and experimentally. 
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Chapter 1 – Introduction 
1.1 Introduction 

 

Power Electronics deals with the control and conversion of electrical power. Voltage can be 

stepped up or down and can be converted from AC to DC or DC to AC.  

There are four classifications for power conversion systems based on their input and output: 

o AC-DC Rectifier 

o DC-AC Inverter 

o DC-DC Converter 

o AC-AC Converter 

Power Electronic systems can be found in almost all electrical devices. Applications are wide 

ranging, and include computers and mobile devices among many others. When designing power 

electronics systems, the most important considerations include: efficiency, size, reliability, and cost. 

Of course, the specifics of these requirements vary by application, and part of the challenge of 

design is balancing trade-offs. 

Integrated Circuits (IC) have become common in almost all consumer electronics. Given that 

power loss in an IC is proportional to frequency and supply voltage squared, as frequency of 

operation increases supply voltage has dropped down, in some cases to below 1V. Since bus 

voltages are typically higher than the required supply voltage, DC-DC converters are necessary to 

step down the voltage.  

It has become desirable to operate converters at higher switching frequencies [1]-[4]. 

Operation at higher switching frequencies decreases the necessary size of magnetics, meaning the 

converter size is also minimized and power density of the converter is maximized.  Maximizing 

power density is very desirable, especially in mobile and computing applications. For these 
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applications, board space taken up by a converter is space that could have been utilized for other 

functionalities or could have lead to a reduction in size of the device. High frequency operation also 

leads to better transient performance.  

However, there are costs that comes with high switching frequencies. These include: 

• Increased switching loss, since the switches are turned on and off more frequently in a given 

time period. 

• Increased dead time leading to increased diode conduction loss.  

• Increased gate drive loss. 

These losses have typically limited realistically achievable switching frequency. It is possible to 

minimize these losses by using different converters and/or gate drive topologies. By optimizing the 

design through consideration of advanced topologies, control methods, semiconductors, and finally 

packaging techniques higher frequency operation becomes much more advantageous. 

In terms of converter topologies, the buck and boost are the most basic but incur high switching 

losses due to being hard switched. Two other common types of converters worth consideration are 

soft switching converter and resonant converters. However, soft switching converters commonly 

are hard switched off. Resonant converters require additional costly magnetics which themselves 

add to losses. Both types are more complex than a Buck converter, and while they make sense for 

certain applications, Bucks Converters are still widely used and preferable for many low-cost 

applications. 

When designing a Buck Converter, it is important to consider the MOSFETs used to minimize 

losses. Typically drain-to-source resistance RDS must be balanced with gate charge Qg. While a lower 

RDS value leads to lower conduction losses, lower Qg leads to faster switching. 
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For high frequency operation, it becomes advantageous to use a different gate drive in order to 

increase switching speed and reduce gate drive losses. The conventional voltage source gate drive is 

used for most cases due to its simplicity and low component count. There are two other main 

categories of Buck Gate Drives worth consideration: resonant gate drives and current source gate 

drives. 

Resonant Gate Drivers utilize an inductor to react with the gate capacitance of the MOSFET for 

faster switching and/or recovery of gate drive energy. They can further be divided into Continuous 

Current and Discontinuous Current Resonant Gate Drives. Continuous Current ensures fast 

switching but has high conduction losses from high circulating current and requires a larger 

inductor. Discontinuous Current has lower conduction losses yet has slower switching since gate 

current is zero at the beginning of the switching interval. Current Source Drives can achieve fast 

switching and have the ability to recover gate drive energy. They also typically have low conduction 

losses. However, they require one inductor per gate drive and can have high component counts. 

The conduction loss can also be high from the circulating current, depending on the design. 

1.2 Thesis Objectives 

The main objective of this thesis is to develop a Gate Drive for a Synchronous Buck Converter 

operating at high frequencies. The Gate Drive should lead to improvements in efficiency while 

maintaining a low component count. It is desirable to have the gate drive work effectively across a 

wide range of loads and output voltages.  

As seen from the literature review presented in the next chapter, a variety of resonant gate 

drives have been developed to drive MOSFETs at high frequencies.  However, these high frequency 

drives do not minimize switching related losses and/or do not minimize gate drive losses. Part of 

the issue for some gate drives is they are designed without the Synchronous Buck Converter in 
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mind. Hence, in this thesis an Asymmetric Complementary Dual Channel Current Source Gate Driver 

is proposed that is designed to maximize the efficiency of a Synchronous Buck Converter operating 

at high frequencies. 

1.3 Thesis Outline 

The contents of this thesis are organized into 5 Chapters. 

 Chapter 1 introduces Power Electronics, DC-DC Converters and their Gate Drives. It 

discusses high frequency operation, including its merits and challenges. The motivation for this 

thesis is established.  

 Chapter 2 is a literature review. It goes into more depth about the losses experienced by 

Converters, including the choice of the Control MOSFET and Synchronous MOSFET for a Buck 

Converter. Different gate drives are discussed in detail, including the Conventional Voltage Source 

Gate Drive and different Resonant Gate Drives. Finally, the proposed topology is discussed briefly. 

 Chapter 3 introduces the Asymmetric Complementary Dual Channel Current Source Drive 

and explains its operation. Circulating current in the driver is discussed along with the necessary 

level shifting of the driver so that it can be applied to a Synchronous Buck Converter. 

 Chapter 4 goes over the design of the coupled inductor to maximize efficiency. Different 

operating points are considered. The efficiency of the Buck Converter with the proposed gate driver 

is compared to other drivers. Next, simulation and experimental results are presented and 

discussed. 

 Chapter 5 is the conclusion, and summarizes the thesis and the contributions made. The 

chapter ends with the possible scope for future work. 
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Chapter 1 – Literature Review 

 

2.1 Review of Losses in a Buck Converter 

Review of Losses in DC-DC Converters 

The purpose of a DC-DC converter is to increase or decrease the output voltage with respect 

to the input. A Buck Converter, shown in Figure 1-1, decreases the output voltage. Vin is the input 

voltage of the buck converter, Vo is the output voltage, I in is the input current, Io is the output 

current, Q1 is the Control MOSFET, Q2 is the Synchronous MOSFET, L is the inductor, and Co is the 

output capacitance.  

 

Figure 1-1: Buck Converter 

Efficiency is the ratio of output power to input power. It is obviously desirable to have 

higher efficiency converters. Not only does this decrease the required input power, but it also 

reduces the need for heat dissipation from the converter.  

The losses experienced by a Converter are: 

o Conduction Losses  

o Switching Losses 
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o Diode Conduction and Reverse Recovery Losses 

o Gate Drive Losses 

o Magnetic Losses 

o Control Circuit Losses 

At high frequency operation some losses increase while others remain constant. 

Losses Dependent on Switching Frequency 

As the switching frequency of a converter increases losses that occur during the switching interval 

also increase, due to MOSFET switching occurring more in a given time period.  

Gate Drive Loss: 

Each time a MOSFET is being turned on or off energy is required to charge and discharge the 

gate capacitors as shown by Figure 1-2. Usually this energy is dissipated in the gate drive. 

Additional energy is also dissipated in the gate drive based on gate drive design (i.e. if current is 

circulated using an inductor).  

 
Figure 1-2: n-Channel MOSFET Model 
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Switching Loss: 

Switching loss occurs when a MOSFET is turned on or off and is the result of a positive switch 

current and drain-to-source voltage across the MOSFET.  When MOSFETs are switched with non-

zero values of current and drain-to-source voltage they are considered to be hard-switched. 

MOSFETs are considered to be soft-switching when they turn on or off with either zero voltage 

or zero current. The Control MOSFET of a Buck Converter experiences high switching losses 

since it turns on with the input voltage as its drain-to-source voltage while the Synchronous 

MOSFET experiences minimal losses since it turns on and off with near zero drain-to-source 

voltage. Switching losses can also occur in the MOSFETS used for gate drive circuits.  Switching 

loss can be reduced by minimizing the time it takes to turn the Control MOSFET on and off.  

Diode Conduction Loss: 

Between switching one MOSFET off and turning the other on there is dead time. When both the 

Control MOSFET and Synchronous MOSFET of a Converter are turned off the diode of the 

Synchronous MOSFET conducts current. The conduction loss of the diode is typically much 

higher than if the current was flowing through the Synchronous MOSFET. Diode conduction loss 

can be minimized by minimizing dead time. 

Losses Independent of Switching Frequency 

Conduction Loss: 

The result of the drain-to-source resistance of the Control and Synchronous MOSFETs. 

Conduction loss is usually the largest loss, especially at lower frequencies (< 500 kHz). The 

inductor in the converter will also have a smaller resistance which also contributes to losses. 

Copper Loss: 

The PCB traces all have a minimal resistance which will add to circuit losses.  
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Core Loss: 

Consists of hysteresis loss and eddy current loss and occurs in all magnetic components, 

including the converter inductor. Core loss will also occur in the gate drive if it contains an 

inductor. 

Control Loss: 

Control loss is attributed to any control circuitry associated with the circuit.  

2.2 Choice of Switches 

When choosing a MOSFET for either the Control MOSFET or the Synchronous MOSFET, it is 

important to balance the gate charge Qg and the drain-to-source resistance RDS. A smaller Qg will 

allow faster switching, assuming the gate current used remains the same. Or, the MOSFET can be 

switched at the same speed as a MOSFET with higher Qg using a lower gate current, which leads to 

lower gate drive losses. A smaller RDS lowers conduction losses in a MOSFET.  

Different switch choices can be compared by calculating switching losses, diode conduction 

losses, and conduction losses pertaining to the choice of MOSFET for either the Control or 

Synchronous MOSFET. Typically, the Control MOSFET will have a lower Qg and higher RDS than the 

Synchronous MOSFET. The Control MOSFET has switching losses, which a lower Qg will minimize. If 

the duty cycle is small it will also have much lower RMS current, meaning conduction losses are less 

impactful.  The Synchronous MOSFET will have higher RMS current, meaning higher conduction 

losses, so it is more important that RDS be minimized. The Synchronous MOSFET does not have 

significant switching losses. However, there are diode conduction losses whenever both switches 

are off, including the time it takes to switch the Synchronous MOSFET, so it is still beneficial to have 

Synchronous MOSFET with a low Qg. 
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2.3 Conventional Gate Drive 

A conventional gate drive is shown by Figure 1-3, along with the corresponding waveforms [5]. 

In this thesis, M is used to denote a gate drive MOSFET, while Q is used to denote the MOSFET 

being driven. The advantage of the conventional gate driver stems from its simplicity. Only two 

MOSFET’s are necessary for each gate drive. Therefore, implementation is easy and the footprint is 

minimal. The switching will be slow, since the gate current is dependent on the voltage difference 

between the source or ground and the gate of the MOSFET being switched. Therefore, switching 

losses and diode conduction losses will be high. The MOSFET gate is discharged to ground, as 

opposed to discharging to the gate drive source which means gate drive losses will be high. These 

losses are small if switching frequency is low, however if switching speed is high they become 

detrimental to overall circuit efficiency. 

 

Figure 1-3: Conventional Gate Drive 
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2.4 Resonant Gate Drive 

Given the high gate drive and switching related losses experiences by a Conventional Driver, 

Resonant Gate Drives (RGD) can be used to improve efficiency for certain applications, including 

high frequency operation [6-8]. A Resonant Gate Drive utilizes an inductor to react with the 

capacitance of the MOSFET being driven. This can reduce gate drive losses and/or switching time.  

Resonant gate drivers can be categorized by the current through the inductor, the three main 

categories are: Continuous Current Drives, Discontinuous Current Drives, and Current Source 

Drives, which are another category of Discontinuous Current Drives. 

Continuous Current Resonant Gate Drive 

Continuous Current RGDs always have current flowing through the gate drive inductor, in most 

cases the current resembles a triangular waveform. The MOSFET being driven is turned on and off 

when the inductor current is at its peak, meaning switching time is much lower. In some cases, gate 

drive energy is returned to the source by the inductor. However, having current constantly 

circulating in the gate drive leads to high conduction losses [9]-[11]. 
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[9] is the first Resonant Gate Driver and is shown in Figure , along with the corresponding 

operation waveforms. The circuit consists of an inductor and capacitor along with two switches 

forming a half bridge. The capacitor is charged and discharged in order to cycle current in the gate 

drive. Compared to other RGDs it has a low number of switches and simple operation. A high gate 

current during the switching interval leads to fast switching. Soft switching is achieved by both 

switches in the gate drive. During the interval where ILX is negative and M1 is on, energy is being 

returned to the source, leading to lower conduction losses. The gate drive inductor current is 

continuous, leading to higher conduction losses. 

Q
Vcc M1

M2

Lx

ix

Co

Vgs,M1

Vgs,M2

Vgs,Q

ix

 

Figure 2-4: Gate Drive and Waveforms from [9] 
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[10] is another continuous current RGD and is shown in Figure 2-5 along with corresponding 

waveforms. It drives synchronous switches and has a low component count. Compared to 

conventional gate drivers, the only addition is an inductor. However, if the duty cycle of the 

converter is not 50%, then the inductor current will circulate at its peak for a period of time. Since 

no level shifting it utilized in this gate drive circuit it could not be used for the Control MOSFET and 

Synchronous MOSFET of a Buck Converter. 

M1 M2

M3 M4

Lr

iLr

Vcc

Q2Q1
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Vgs,M3
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Vgs,Q1
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Figure 2-5: Gate Drive and Waveforms from [10] 
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[11] is a Continuous Current RGD designed for a Synchronous Buck Converter. It is shown in 

Figure 1-4, along with the corresponding waveforms. It can achieve fast switching due to a high 

peak current at the switching instant. The switch count in the gate drive is low which is 

advantageous in terms of space. Since only one gate drive is needed for two switches gate drive loss 

can be minimized compared to a similar driver that uses a gate drive for each switch. However, 

there is still continuous current in the gate drive meaning conduction losses will not be as minimal 

as possible. 
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Figure 1-4:  Gate Drive and Waveform from [11] 
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Discontinuous Current Resonant Gate Drive 

Discontinuous Current RGDs have zero current in the gate drive inductor when the switching 

interval begins [16]-[19]. In most cases they are able to return current to the source of the gate 

drive and soft-switch the gate drive switches. Since there is discontinuous current, conduction 

losses will also be much lower than continuous current RGDs. Due to these reasons, gate drive loss 

is minimized comparatively. However, since the gate current starts at zero, the switching of the 

MOSFET being driven will be slower. 
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[16] shows one of the first Discontinuous Current Resonant Gate Drivers. Shown by Figure 

1-5, along with the corresponding waveforms. It uses the leakage inductance of the transformer to 

interact with the MOSFET gate capacitance and cycle current through the circuit. This minimizes 

gate drive losses, along with all the switches in the gate drive being soft switched. The presence of 

the transformer provides isolation making additional level shifting unnecessary, so the gate drive 

can be used as-is for applications like the Control MOSFET of a Buck Converter. In addition to the 

standard slower switching of a Discontinuous Current RGD the circuit has two other main 

disadvantages: firstly, noise in the circuit can lead to false turn on. Secondly, the effective gate 

charge is increased by the AC gate voltage which leads to lower efficiency.  

 

Figure 1-5: Gate Drive and Waveform from [16] 
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[17] is a Discontinuous Current RGD designed for high frequency operation. The circuit is 

shown in Figure 1-6 along with the waveforms pertaining to the gate drive. The addition of the 

inductor allows for soft switching in the gate drive, reducing losses. The circuit also has a low 

component count compared to other resonant gate drives. In addition to slow switching, for this 

circuit gate drive current is sent to ground during the discharge interval as opposed to being 

returned to the source, further adding to losses compared to other Discontinuous Current RGDs. 

Lr

iLr

Rg

M1
Q
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D

Vgs,M2
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Figure 1-6: Gate Drive and Waveform from [17] 
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Current Source Driver 

Current Source Drivers are a kind of Discontinuous Current RGD. The difference is that instead 

of beginning the switching interval with zero inductor current, peak current is provided at the 

beginning of the switching interval. This is accomplished by precharging the inductor before the 

switching interval and discharging it after. Current Source Drivers are able to achieve the fast 

switching of Continuous Current RGDs, and the low gate drive losses of Discontinuous RGDs [20]-

[32]. 

[20] is a Current Source Driver, utilizing a coupled inductor designed for narrow on-time 

applications. The circuit is shown in Figure 1-7 along with the waveforms pertaining to the gate 

drive. When applied to a Buck Converter the proposed CSD was used to drive the Control MOSFET 

while a Conventional Driver was used to drive the Synchronous MOSFET. The gate drive has the 

ability to quickly charge the MOSFET with a constant current, and also discharges the coupled 

inductor to the source. As seen by Figure, peak current circulates in the gate drive during the ON 

interval, so the gate drive can only be used for MOSFET’s with narrow on-time.  If the Synchronous 

MOSFET of a buck converter is switched slowly (as it would be with a conventional driver) diode 

conduction losses will be high for high frequency applications. 
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Figure 1-7: Gate Drive and Waveforms from [20] 
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[21] is a CSD and is shown in Figure 1-8 along with the corresponding waveforms. Since near 

constant current will be supplied to the gate during switching, the switching interval will be 

minimized, which will decrease switching and diode conduction losses. Current in the gate drive is 

discontinuous, and current is discharged to the gate drive source, meaning loses in the gate drive 

will be low. In addition, all switches in the gate drive are soft-switched on and off. The main 

disadvantage with this circuit is the high component count. It has four MOSFETs, two diodes, a 

capacitor, and an inductor per gate drive.  The other disadvantage is the diodes are in the main 

conduction path of the gate current, adding to conduction losses. 
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Figure 1-8: Gate Drive and Waveforms from [21] 
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[22] is a Current Source Gate Driver, shown by Figure 1-9 along with the corresponding 

waveforms. The inductor Lr can be precharged to a certain current value, allowing fast switching of 

the MOSFETs. Inductor current is discontinuous and is returned to the gate. In addition, all gate 

drive switches achieve soft switching transitions. Therefore, gate losses are minimal compared to a 

continuous current RGD and switching losses are minimal compared to a Discontinuous Current 

RGD. 
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Figure 1-9: Gate Drive and Waveforms from [22] 
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2.5 Proposed Topology – Motivation and Objectives 

There is currently a push for converters to operate at higher frequencies for improved power 

density and transient response. This leads to an increase in losses that are a function of the 

switching frequency. Based on the literature review, there are a variety of resonant gate drives 

designed to drive MOSFETs at high frequencies. They all suffer from at least one of the following 

issues though: slower switching than is possible, higher gate drive losses than necessary, high 

component counts, and limited operation ranges. Given many of these resonant gate drives were 

designed for general applications and not specifically to drive a Synchronous Buck Converter, by 

designing a dual channel complementary gate drive specifically for a Synchronous Buck Converter a 

better result may be obtained. 

The key objectives of the thesis are listed as follows: 

1. Develop a gate drive for high frequency synchronous Buck Converters that maximizes 

efficiency across a variety of operating conditions. 

2. Keep the component count and relative size of the gate driver and predriver minimal. 
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Chapter 2 – Design of Proposed Gate Drive 

3.1 Proposed Gate Drive Operation 

The proposed gate drive is shown in Figure 2-1 with a Buck Converter. It is meant for the 

Control MOSFET and Synchronous MOSFETs of the Buck Converter. The proposed gate drive was 

developed from [23], which also utilized a coupled inductor. During the switching intervals the Buck 

Converter MOSFETs are driven with a constant gate current. Based on operation, it is named the 

Asymmetric Complementary Dual Channel Current Source Drive called ACDC CSD for short. 

MOSFETs M1, M2, M5, and M6 in the gate drive are p-channel MOSFETs. MOSFETs M3, M4, M7, and 

M8 in the gate drive are n-channel MOSFETs. Q1 is the Control MOSFET and Q2 is the Synchronous 

MOSFET in the Buck Converter. DB is the bootstrap diode and CB is the bootstrap capacitor. VCC is the 

gate drive voltage source. Finally, the two sides of the coupled inductor are Lr1 and Lr2. D1 and D2 are 

diodes used to ensure desired operation of the gate drive circuit. 
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Figure 2-1: Proposed Gate Drive with Buck Converter 
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 Figure 2-2 shows the Asymmetric Complementary Dual Channel Current Source Gate Driver 

with the coupled inductor current and voltage. v1 is the inductor voltage and i1 is the inductor 

current on the Control MOSFET side of the gate drive. v2 is the inductor voltage and i2 is the inductor 

current on the Synchronous MOSFET side. 

 
Figure 2-2: ACDC CSD with Coupled Inductor Current and Voltage Directions 

 

 Figure 2-3 shows the gate drive waveforms of the ACDC CSD. The gate-to-source voltage 

level of the MOSFETs in the gate drive are denoted as M1 through M8. The blue line shows whether 

the gate-to-source voltage is high or low, while the grey shading shows when the MOSFET is turned 

on. VGS,M1 is the gate to source voltage of the Buck Converter Control MOSFET. VGS,M2 is the gate-to-

source voltage of the Synchronous MOSFET. The intervals of operation are labelled on Figure 2-3 

and described after it.
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Figure 2-3: ACDC CSD Waveforms 
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Interval 1 – Steady State, Control MOSFET ON, Synchronous MOSFET OFF 

 Referring to Figure 2-4, during interval 1 M1 is on, connecting the gate of Q1 to the +Vcc 

source, therefore Q1 is on. M8 is also on, connecting the gate of Q2 to ground, therefore Q2 is off.  

 

Figure 2-4: Steady State, Q1 ON 

Interval 2 – Precharge  

 Referring to Figure 2-4, M4 is turned on under zero current, and current will flow through 

the path shown. The current will increase linearly at a rate determined by the size of the inductor. 

The precharge interval will last until the desired peak inductor current is reached. 
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Figure 2-5: Precharge Interval 

Interval 3 – Turn OFF 

 Referring to Figure 2-6, M1 is turned off under zero voltage, and current will be drawn from 

Q1, discharging the gate. The peak current will be approximately maintained if the inductor is large 

enough. The Turn OFF interval will end once the gate has been fully discharged. The length of this 

interval is based on the amount of gate charge Qg of Q1, and the peak current desired. 

 

Figure 2-6: Turn OFF Interval 
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Interval 4 – Turn ON 

 Referring to Figure 2-7,  now that Q1 has been discharged, M4 is turned off and M3 and M5 

are turned on. M4 is turned off and M3 is turned on under zero voltage. M5 is hard switched on. 

Current will now flow on the other side of the gate drive as shown. This current will charge the gate 

of Q2 to +Vcc. M3 will connect the gate of Q1 to the source of Q1, keeping it turned off. The amount 

of current flowing will depend on the turns ratio of the coupled inductor. The time it takes to 

charge Q2 will depend on this turns ratio, and the gate charge of Q2.  

 

Figure 2-7: Turn ON Interval 

Interval 5 – Discharge 

 Referring to Figure 2-8, now that both Q1 and Q2 have been switched, the inductor needs to 

be discharged. Q6 is turned on under zero voltage and Q5 it turned off under zero voltage. Q7 is then 

turned on to allow the inductor to discharge. Current flow will decrease linearly at a rate 

determined by the size of the inductor. As shown, the current will flow from ground to Vcc, 

returning energy to the source of the gate drive. 
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Figure 2-8: Discharge Interval 

Interval 6 – Steady State, Synchronous MOSFET ON, Control MOSFET OFF 

 Finally, Q7 is turned off at zero current when the inductor has been fully discharged. If Q7 is 

kept on after the inductor has been discharged, current will begin to flow in the opposite direction. 

By leaving Q6 on, the gate of Q2 is kept high at Vcc and Q2 stays on. 

 

Figure 2-9: Steady State, Q2 ON 
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These intervals repeat asymmetrically to turn Q2 off and Q1 on during the next switching 

period. By using a smaller inductor peak current can be reached more quickly which minimizes the 

Precharge and Discharge interval lengths. By minimizing these intervals losses are decreased 

pertaining to these intervals.  However, decreasing the inductor size leads to circulating current 

which will add to losses. Therefore, the coupled inductor design must be carefully considered. This 

is discussed in further detail later. 

3.2 Design to Achieve Optimal Operation of Gate Drive 

 Figure 2-10 shows the current and voltage direction across the coupled inductor in the 

ACDC CSD used for calculations again. The two diodes, D1 and D2 are not shown, since this section 

contains the reasoning for there inclusion. 
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Figure 2-10: ACDC CSD 

When one side of the gate drive is operating it is possible for the other side to have 

circulating current. Referring to Figure 2-10, the standard equations for a coupled inductor are 

given by (3.1) and (3.2). N1 is the number of turns on the Control MOSFET side of the coupled 

inductor, N2 is the number of turns on the Synchronous side of the coupled inductor, k is the 
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coupling coefficient, and Al is a coefficient based on the material of the core, given by the core 

manufacturer. (3.3) shows the equation for Al, where 𝜇𝑜  is the permeability of free space, 𝜇𝑟  is the 

permeability of the core, A is the cross-sectional area of the core, and 𝑙 is the length of the coils. 

Based on the air gap of the core, different AL values can be achieved. 

𝑣1 = 𝑁1
2𝐴𝑙

𝑑𝑖1

𝑑𝑡
+ 𝑘𝑁1 𝑁2𝐴𝑙

𝑑𝑖2

𝑑𝑡
 

(3.1) 

𝑣2 = 𝑁2
2𝐴𝑙

𝑑𝑖2

𝑑𝑡
+ 𝑘𝑁1𝑁2𝐴𝑙

𝑑𝑖1

𝑑𝑡
 

(3.2) 

𝐴𝑙 =
𝜇𝑜 𝜇𝑟 𝐴

𝑙
 

(3.3) 

Rearranging (3.2) to solve for di1/dt results in (3.4). Substituting (3.4) into (3.2) gives (3.5), 

which can be rearranged to give (3.7), which solves for di2/dt independently of dii/dt. (3.8) can be 

found in a similar manner, and solves for dii/dt independently of di2/dt.   

𝑑𝑖1

𝑑𝑡
=

𝑣1 − 𝑘𝑁1𝑁2𝐴𝑙
𝑑𝑖2

𝑑𝑡

𝑁1
2𝐴𝑙

 (3.4) 

𝑣2 = 𝑁2
2𝐴𝑙

𝑑𝑖2

𝑑𝑡
+ 𝑘𝑁1𝑁2𝐴𝑙 (

𝑣1 − 𝑘𝑁1𝑁2𝐴𝑙
𝑑𝑖2

𝑑𝑡

𝑁1
2𝐴𝑙

) (3.5) 

𝑣2 = 𝑁2
2𝐴𝑙

𝑑𝑖2

𝑑𝑡
+ 𝑘

𝑁2

𝑁1

(𝑣1 − 𝑘𝑁1𝑁2𝐴𝑙

𝑑𝑖2

𝑑𝑡
) (3.6) 

𝑑𝑖2

𝑑𝑡
=

𝑣2 − 𝑘
𝑁2

𝑁1
𝑣1

(1 − 𝑘2)𝐴𝑙𝑁2
2  (3.7) 

𝑑𝑖1

𝑑𝑡
=

𝑣1 − 𝑘
𝑁1

𝑁2
𝑣2

(1 − 𝑘2)𝐴𝑙𝑁1
2  (3.8) 

With these two equations, circulating current can now be examined. Assuming there is no 

circulating current, substituting 
𝑑𝑖1

𝑑𝑡
= 0 into (3.1) and 

𝑑𝑖2

𝑑𝑡
= 0 into (3.2) results in (3.9) and (3.10). 
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Ideally during precharge and discharge of the coupled inductor, inductor current increases and 

decreases according to either (3.9) or (3.10).  

During turn on and turn off of the Control MOSFET and Synchronous MOSFET (Interval 3 and 

Interval 4) it is desirable to have both  
𝑑𝑖1

𝑑𝑡
= 0 and 

𝑑𝑖2

𝑑𝑡
= 0. This is of course impossible, since, even 

without circulating current, the change in current during these time periods will be according to 

(3.9) and (3.10). It is advantageous to use reasonably large inductors to ensure desired operation 

and to minimize circulating current. 

𝑑𝑖1

𝑑𝑡
=

𝑣1

𝑁1
2𝐴𝑙

 (3.9) 

𝑑𝑖2

𝑑𝑡
=

𝑣2

𝑁2
2𝐴𝑙

 (3.10) 

Revisiting equations (3.1) and (3.2), it is clear the larger the rate of change of circulating 

current, the bigger impact it will have on the rate of change of desired current. If the rate of change 

of circulating current is in the opposite direction of the rate of change desired current (i.e. if i1 is 

positive and i2 is negative) then the rate of change of the desired current will increase from what it 

would be without circulating current. If the rate of change of the desired and the circulating current 

are in the same direction, then the rate of change of the desired current will be decreased. 

Considering the operation of the gate drive, when one side is in operation the other side will 

always be tied to ground. For the Control MOSFET side this means M3 will be on, for the 

Synchronous MOSFET side this means M8 will be on.  

For analysis, it is only necessary to consider one of each of the distinctive intervals of gate 

drive operation. The same logic can be used whether the gate drive side in operation corresponds 

to the Control MOSFET or to the Synchronous MOSFET. The Control MOSFET gate drive is set for 

this analysis as the side of the gate drive not currently in operation.  
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There are two possible paths for circulating current to follow in the side of the gate drive 

that should be off. Figure 2-11(a) shows the path if current travels through the diode of M4, while 

Figure 2-11(b) shows the path if the current travels through M2. For Fig. D1a v1 = VF,M4 + (rLr1 + 

RM3)*i1, which can be approximated as VF,M4 if the current i1 is low. For Fig. D1b v1 = -(Vcc + VF,M2 + 

(rLr1 + RM3)*i1), which can be approximated as –(Vcc + VF,M2) if the current i1 is low. VF,M2 is the 

forward voltage of gate drive MOSFET M2’s diode, VF,M4 is the forward voltage of gate drive MOSFET 

M4’s diode, rLr1 is the resistance of the coupled inductor on the Control MOSFET side, and RDS,M3 is 

the drain-to-source resistance of the MOSFET M3. 
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        Figure 2-11(a): Circulating Current Path 1        Figure 3-11(b): Circulating Current Path 2 

For the i1 to be negative and follow the current path in Fig. D2a, di1/dt must be less than 

zero. Referring to (3.8), for this condition to occur requires (3.11). As stated previously, v1 can be 

approximated as VF,M4 for analysis.  

𝑘
𝑁1

𝑁2

𝑣2 > 𝑣1  (3.11) 

For the i2 to be positive and follow the current path in Fig. D1b, di1/dt must be greater than zero. 

Referring to (3.8), for this condition to occur requires (3.12). As stated previously, v1 can be 
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approximated as –(Vcc + VF,M2) for analysis. If neither (3.11) nor (3.12) is true, which is possible since 

v1 changes based on the path of inductor current i1, then circulating current will be very close to 

zero and v1 will be found from (3.13).  

𝑘
𝑁1

𝑁2

𝑣2 < 𝑣1  (3.12) 

𝑣1 = 𝑘𝑁1𝑁2𝐴𝑙

𝑑𝑖2

𝑑𝑡
 (3.13) 

Figure 2-12 shows the path of current for the Synchronous MOSFET side during the precharge 

interval. During this interval v2 ≈ -Vcc. 

+ v1 -

i2

Vcc

- Vcc +

 

Figure 2-12: Current path for Control MOSFET during Precharge Interval 

Figure 2-13 shows the path of current for the Synchronous MOSFET side during the Turn 

OFF interval. During this interval vL2 changes from ~ -Vcc initially to ~0V.  
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+ v1 -

i2

Vcc

- Vcc → 0V +

 

Figure 2-13: Current path for Control MOSFET during OFF Interval 

Figure 2-14 shows the path of current for the Synchronous MOSFET side during the Turn ON 

interval. During this interval vL2 changes from ~Vcc initially to ~0V.  

+ v1 -

i2

Vcc

+ Vcc -

 

Figure 2-14: Current Path for Control MOSFET during ON Interval 

Figure 2-15 shows the path of current for the Synchronous MOSFET side during the 

discharge interval. During this interval vL2 ≈ Vcc. 
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+ v1 -

i2

Vcc

- Vcc +

 

Figure 2-15: Current Path for Control MOSFET during Discharge Interval 

 Based on the value of v1 and the turns ratio N1/N2 the direction of circulating current i2 can 

be found, along with di2/dt. To minimize circulating current and maximize efficiency a turns ratio of 

2 turns on the Control MOSFET side and 3 turns on the Synchronous MOSFET was used. The 

addition of two diodes, as shown in Figure 2-16 prevents Circulating Current Path 2, shown in Figure 

2-11 (b). Without these diodes, the operation of the converter is less ideal. A table showing the 

results of calculations is available in the Appendix A. The addition of these diodes does not 

significantly increase gate drive losses since current will only flow through them during the Turn ON 

interval which is very short. 
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Figure 2-16: ACDC CSD with Additional Diodes 

3.3 Level Shift of Gate Drive 

 Looking at Figure 2-17, the source of MOSFET Q1 in the buck converter changes from 

Ground when Q1 is on to Vin when Q1 is off. Since the left-hand side of the gate drive circuit controls 

Q1, it needs to be level shifted. This was accomplished using a bootstrap design, shown in Figure 

2-18, which included the additions of diode Db and capacitor Cb to the gate drive circuit. Db was 

chosen to have as low a voltage drop when conducting as was practical, while Cb needed to be large 

enough to maintain a near constant voltage. A B130LAW diode was used which has forward voltage 

VF of 0.4V, and a 22μF capacitor was used for Cb.  
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Figure 2-17: Buck Converter 

D1

Cb

 

Figure 2-18: Level Shift of Gate Drive 

During precharge, discharge and switching intervals the source of the Control MOSFET is 

high. Considering the gate drive operation, it is found that Cb will be charged or discharged during 

intervals t0-t1, t7-t8, and t8-t9. iCb is the capacitor Cb current. 

Precharge Interval t0-t1: 

𝑖𝐶𝑏 = −𝐶𝑏
𝑑𝑣1

𝑑𝑡⁄   (3.14) 

∫ 𝐶𝑏 𝑑𝑣1 = ∫ −𝑖𝐶𝑏  𝑑𝑡  (3.15) 
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During the precharge interval, when current increases to a maximum value, current goes 

from 0 to peak gate drive current Ipk. Given that most of the voltage is seen across the coupled 

inductor, current is a ramp function and can be defined as: 

𝑖𝐶𝑏 = 𝐼𝑝𝑘

𝑡 − 𝑡1

𝑡𝑝𝑟𝑒

= 𝐼𝑝𝑘

𝑡 − 𝑡1

𝑡2 − 𝑡1

 (3.16) 

The change is bootstrap capacitor voltage ∆𝑉𝐶𝑏,𝑝𝑟𝑒  during the precharge interval can then be found: 

∆𝑉𝐶𝑏,𝑝𝑟𝑒 = ∫ −𝑑𝑣1 =
1

𝐶𝑏

∫ 𝐼𝑝𝑘

𝑡 − 𝑡1

𝑡2 − 𝑡1

𝑡2

𝑡1

𝑑𝑡 =
𝐼𝑝𝑘

𝐶𝑏 (𝑡2 − 𝑡1)

(𝑡2 − 𝑡1)2

2
=

𝐼𝑝𝑘 ∗ 𝑡𝑝𝑟𝑒

2𝐶𝑏

 (3.17) 

tpre is the length of the precharge interval. Given Cb = 22μF, Ipk = 1.13A, and tpre = 22.9ns (determined 

in Chapter 4 based on ideal operation of gate drive):  

∆𝑉𝐶𝑏,𝑝𝑟𝑒 = −

𝐼𝑝𝑘

2
∗ 𝑡𝑝𝑟𝑒

𝐶𝑏

= −0.0006𝑉 (3.18) 

Turn ON Interval t7-t8: 

The voltage drop can be found from the amount of charge required for the gate of the 

Control MOSFET to go from threshold voltage to fully charged which will be Vcc. It can be assumed 

the losses across the p-channel MOSFET in the gate drive and the coupled inductor are negligible 

for this period. For the BSF030NE2LQ MOSFET: 

∆𝑄𝐶𝑏 = 𝑄𝑔 − 𝑄𝑔(𝑡ℎ) = 11.3 − 2.7 = 8.6𝑛𝐶 (3.19) 

𝐶 =
𝑄

𝑉
 (3.20) 

∆𝑉𝐶𝑏,𝑂𝑁 =
∆𝑄𝐶𝑏

𝐶𝑏

=
8.6 ∗ 10−9

22 ∗ 10−6
= 0.0004𝑉 (3.21) 

∆𝑄𝐶𝑏  is the change in bootstrap capacitor charge, Qg is the amount of charge required for the gate-

to-source voltage of the Control MOSFET to go from Ground to Vcc, Qg(th) is the threshold gate-to-
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source voltage of the Control MOSFET for it to turn on, and ∆𝑉𝐶𝑏,𝑂𝑁  is the change in bootstrap 

capacitor voltage during the Turn ON Interval. 

Discharge Interval t8-t9: 

The same calculation can be done as for the interval t0-t1, since current is flowing into the capacitor 

as opposed to out of it the voltage will increase by 0.0006V. Since the capacitor was only discharged 

0.0004V, it will simply return to 5V.  

These are acceptably low changes in voltage so a 22μF capacitor was used for the gate drive. 

3.4 Predrivers for Gate Drive MOSFETs 

 Since the gate drive circuit section pertaining to the Control MOSFET has been level shifted, 

the gate drive MOSFETs in this section experience higher voltages at their respective source 

terminals. The p-channel MOSFETs M1 and M2 will see voltages as high as 17V at their source, while 

M5 and M6 will see 5V. n-channel MOSFETs M3 and M4 will see as high as 12V, as seen in Figure 

2-19. Given that the FPGA used only has an output of 3.3V, the gate drive signals for all MOSFETs 

except M7 and M8 need to be level shifted.  For all predriver circuits a logic supply of Vcc=5V was 

used.  
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Figure 2-19: Voltage Levels in Gate Drive 

 For the p-channel MOSFETs a modification of the gate drive circuit found in [33], seen in 

Figure 2-20, was chosen as it is suitable for high speed applications. R2  was placed between the 

emitter of QINV and GND to prevent excessive voltage across the gate-to-source terminals and to 

prevent saturation of the npn transistor. The resistor values were chosen to achieve fast switching 

of the MOSFET being driven, without exceeding the current ratings of the transistor. In the 

experimental prototype, MMBT4124 transistors were used for Q INV, MMDT4146 transistors were 

used for the npn/pnp totem-poles, 560Ω resistors were used for R2 and RB, and 1kΩ resistors 

were used for R1.  
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Figure 2-20: Level Shift Circuit for p-channel MOSFETs 

 For the n-channel MOSFETs the gate drive circuit found in [5] was chosen, seen in Figure 

2-21, which is a modified version of the pulsed latch level translator circuit found in [33]. 

DMG301NU N-Channel MOSFETs were used for SS and SR, R1 and R3 were 150Ω, R2 and R4 were 75Ω, 

NC7SZ00 NAND gates were used and MMDT4146 transistors were used for the npn/pnp totem-

poles. A B130LAW-7-F diode was used along with a 22μF capacitor for the bootstrap part of the 

circuit. 
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Figure 2-21: Level Shift Circuit for n-channel MOSFETs 

 MOSFETs M7 and M8 have their sources at ground in the gate drive design Figure 2-19. 

Therefore, the gate signals did not need to be level shifted. The Bipolar totem-pole driver found in 

[33] was used, seen in Figure 2-22. A 560 Ω resistor was used for RB along with MMDT4146 

transistors for the npn/pnp totem-poles. RB was chosen to limit the peak current seen by the 

transistors. 

Vin

OUT

GND

FPGA

Rb

 

Figure 2-22: Bipolar Totem-Pole Driver for n-channel MOSFETs  
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Chapter 3 – Design of Coupled Inductor and Efficiency Calculations 

4.1 Advantages of Proposed Driver Based on Analysis of Circuit Losses 

 The advantages of the Asymmetric Complementary Current Source Gate Driver in regards to 

efficiency improvement are discussed below, in terms of Buck Converter losses and Gate Drive 

losses, versus different gate drive designs. 

Switching Loss Reduction in the Buck Converter 

In a Buck Converter switching loss occurs in the Control MOSFET since it is hard switched. The 

Synchronous MOSFET experiences comparatively minimal switching loss. The Control MOSFET 

switching losses increase linearly with switching frequency, and can be detrimental to converter 

efficiency at high frequencies. 

One of the main advantages of a Current Source Driver is that it provides a nearly constant high 

gate current during switching instances that can be specified. Contrastingly, the Conventional Gate 

Drive (CGD) does not provide a constant current. Neither does the Discontinuous Current Resonant 

Gate Driver. The gate current provided by the Conventional Driver is a function of the present gate 

voltage VG of the MOSFET being driven, and can be expressed as (4.1) during turn on and (4.2) 

during turn off. VG can be approximated as VGS for preliminary analysis. The actual value of VG  will 

be greater than VGS during the switching interval due to common source inductance, this will be 

discussed later in 4.1.  iG,ON is the gate current during turn on. iG,OFF is the gate current during turn 

off. RDrive,ON is the resistance in the CGD when the MOSFET being driven is being turned on. RDrive,OFF 

is the resistance in the CGD when the MOSFET being driven is being turned off. RG is the gate 

resistance of the MOSFET being driven.  

𝑖𝐺,𝑂𝑁 =
𝑉𝑐𝑐 − 𝑉𝐺𝑆

𝑅𝐷𝑟𝑖𝑣𝑒,𝑂𝑁 + 𝑅𝐺

 
(4.1) 
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𝑖𝐺 ,𝑂𝐹𝐹 =
𝑉𝐺𝑆

𝑅𝐷𝑟𝑖𝑣𝑒,𝑂𝐹𝐹 + 𝑅𝐺

 
(4.2) 

Figure 3-1 shows the drain current of the MOSFET, the drain-to-source voltage VDS, and the 

gate-to-source voltage VGS versus the total gate charge. The gate-to-source voltage versus total gate 

charge graph can be found in any MOSFET datasheet. Vth is the threshold voltage, the voltage at 

which drain-to-source current begins to flow through the MOSFET. VP is the plateau voltage, the 

voltage which will be maintained while VDS goes from peak to zero. The switching interval is 

highlighted in red, and is the time period where switching loss will occur.  During this interval gate 

charge change is equal to Qgd + QGS – Qg(th). Gate-to-source voltage goes from Vth to Vp.  
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Figure 3-1: Operation of MOSFET versus Gate Charge (nC) during Switching 
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During turn-on if Vcc of the conventional driver is high switching time can be minimized. 

However, during turn-off switching speed is dependent on VGS. Use of a Current Source Driver 

provides a specified constant current as previously stated. If the gate current is higher, which can be 

accomplished with a CSD, then the gate of the MOSFET can be charged or discharged faster, leading 

to lower switching losses as seen by (4.3). tr is the time for a MOSFET to fully turn on, tf is the time 

for a MOSFET to fully turn off. fs is the switching frequency of the Buck converter. 

𝑃𝑠𝑤 =
1

2
𝑉𝑖𝑛𝐼𝑜(𝑡𝑟 + 𝑡𝑓)𝑓𝑠 

(4.3) 

Diode Conduction Loss 

Diode conduction loss occurs during the dead time, when both the Control MOSFET and 

Synchronous MOSFET are off. The length of the dead time is dependent on how quickly one 

MOSFET is turned off and the other MOSFET is turned off – the faster both the MOSFETs are 

switched, the more dead time is decreased and the lower diode conduction loss becomes. Similar to 

switching loss, diode conduction loss increases linearly with switching frequency. Diode Conduction 

Loss is usually smaller in magnitude than switching loss, but can increase from slow switching of 

both the Control MOSFET and the Synchronous MOSFET, and from lengthy dead time (when neither 

is being switched or is on). 

Figure 3-2 shows the time period where the diode will be conducting during the switching of 

either the Control MOSFET or the Synchronous MOSFET. Increasing the gate current will decrease 

the length of this time period, thereby decreasing the diode conduction loss.   
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Figure 3-2: Operation of MOSFET versus Gate Charge (nC) during Diode Conduction 

Similar to switching losses, since a CSD is able to provide a higher and constant current it is 

able to decrease the diode conduction time, which decreases diode conduction losses (4.4). 

𝑃𝐷 = 𝑉𝐷 𝐼𝑜𝑡𝐷𝑒𝑎𝑑𝑓𝑠  (4.4) 

Figure 3-2 does not consider that the diode will continue conducting after VGS = VP since the 

drain-to-source resistance RDS of the MOSFET is still much higher at Vp then it will be when VGS = Vcc. 

During this time period conduction loss will still be high since RDS is not minimized, as seen by Figure 

3-3. Therefore, it is still advantageous to drive both the Control MOSFET and the Synchronous 

MOSFET quickly from QGS to QG to minimize conduction loss. Use of a CSD is again advantageous 

since a higher, constant current can be provided. 
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Figure 3-3: RDS versus VGS for IRF6894 MOSFET 

Use of a non-unity turns ratio allows the ratio of peak gate current for the Control MOSFET 

and Synchronous MOSFET to be modified so that switching loss, diode conduction loss and gate 

drive loss can be balanced individually for both the Control MOSFET and Synchronous MOSFET. 

Impact of Common Source Inductance 

Referring to Figure 3-4, the common source inductance of a MOSFET is shown. This inductance 

comes from the printed circuit board and the MOSFET leads. When the drain-to-source current of 

the MOSFET is changing, a voltage drop VLcsi will result across the common source inductance. This 

phenomenon will only affect the Control MOSFET. The Synchronous MOSFET will not experience 

current changes during turn on and turn off since the diode will conduct current during these 

intervals. 

During the intervals where the drain-to-source current of the MOSFET IDS is increasing VLcsi is 

positive meaning the gate voltage of the MOSFET VG will be increased. During the intervals where 

IDS is negative VLcsi will be negative meaning VG will be decreased. Referring to (4.1) and (4.2) this 



49 

 

decreases gate current during these intervals, so switching loss and diode conduction loss will be 

higher than the previous calculation would have given.  

A CSD does not have this issue since there is a constant gate current, independent of VG. 

 

LCSI

D

S

G
Driver

 

Figure 3-4: Common Source Inductance 

 

Gate Drive Efficiency 

The Asymmetric Complementary Dual Channel Current Source Drive utilizes the coupled 

inductor to store energy, then returns it to the supply. A Conventional Driver loses all the energy 

used to charge the gate.  

The losses in the ACDC CSD mainly come from conduction loses. Conduction loses can be 

reduced by utilizing a lower peak current to charge the MOSFETs, however this causes slower 

switching which will result in greater switching loss in the Control MOSFET and greater diode 

conduction loses. Therefore, the peak gate current needs to be chosen to minimize the combination 

of gate drive loss, switching loss, and diode conduction loss. 
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The gate drive loss might be similar when comparing the Conventional Driver to the ACDC CSD – 

this is to reduce the Control MOSFET switching loss and diode conduction loss – and is caused by 

having a higher gate current than the Conventional. 

The design of the ACDC CSD being dual-channel gives it a distinctive advantage over other 

Current Source Drivers that are not dual channel in regards to gate drive efficiency. For the 

operation of the ACDC CSD one side of the coupled inductor is charged, then a MOSFET is turned 

off, then gate drive energy is transferred to the other side of the gate drive, then a MOSFET is 

turned on, and finally the coupled inductor is discharged to the source. By transferring energy from 

one side of the gate drive to the other it is not necessary to charge and discharge an individual side 

of the gate drive during a switching instance where one switch in the Buck is turned on and the 

other is turned off. Contrastingly, a non-dual channel CSD will charge and discharge each side of the 

gate drive during the same period. The elimination of the precharge and discharge intervals by 

using a dual-channel design will significantly decrease gate drive losses. 

 

4.2 Design of Coupled Inductor and Derivation of Circuit Losses 

To design the coupled inductor for the date drive – which includes core size and the number 

of windings for both sides – it was necessary to analyze losses in both the gate drive and buck 

converter. It is most straightforward to separately analyze losses stemming from the Control 

MOSFET and the synchronous MOSFET in the converter. By analyzing losses separately, it is also 

more straightforward to choose the Control MOSFET and Synchronous MOSFET. There are losses 

that cannot be individually attributed to either the Control MOSFET or the Synchronous MOSFET – 

specifically the loss due the Buck inductor magnetics and resistance. These will be examined when 

the losses for the entire circuit are calculated. 
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Losses Related to Control MOSFET 

Losses stemming from the Control MOSFET include gate drive losses for the side controlling 

it, switching losses and conduction losses. 

The gate drive loss equations are the same for both the Control MOSFET and the 

Synchronous MOSFET. However, total gate drive loses will be different given different Qg values 

along with the coupled inductor having a non-unity turns ratio. Gate drive loses PGD can be found 

from the addition of the different conduction intervals of the gate drive: 

𝑃𝑔𝑑 = 𝑃𝑐𝑜𝑛𝑑,𝑝𝑟𝑒 + 𝑃𝑐𝑜𝑛𝑑,𝑜𝑓𝑓 + 𝑃𝑅𝑐𝑜𝑛𝑑,𝑜𝑛 + 𝑃𝑐𝑜𝑛𝑑,𝑑𝑖𝑠 + 𝑃𝐷𝑐𝑜𝑛𝑑,𝑜𝑛 + 𝑃𝑝𝑟𝑒𝑑𝑟𝑖𝑣𝑒 + 𝑃𝑠𝑤,𝐺𝐷

+ 𝑃𝑐𝑜𝑟𝑒  

(4.5) 

 Pcond,pre is the conduction loss due to the gate drive resistance during the precharge interval. 

Pcond,off is the conduction loss due to the gate drive resistance during the turn off interval. PRcond,on is 

the conduction loss due to the gate drive resistance during the turn on interval. Pcond,dis is the 

conduction loss due to the gate drive resistance during the turn on interval. PDcond,on is the diode 

conduction loss during the turn on interval. Ppredrive is the loss from the predrivers used to switch the 

gate drive MOSFETs. Psw,GD is the switching loss caused when certain gate drive MOSFETs are hard 

switched. The most substantial gate drive losses will by far be the conduction losses.  

To calculate the conduction losses, it is necessary to calculate the length of each interval. tsw 

is the length of the turn ON or turn OFF interval, it is the time it takes to discharge or charge the 

MOSFET that is being driven. tpre is the length of the precharge interval, the time it takes for the 

inductor current to rise linearly from 0 to Ipk. tdis is the length of the discharge interval, the time it 

takes for the current to fall from Ipk to zero. rpre is the resistance found in the current path during 

the precharge interval and rdis is the resistance found in the current path during the discharge 

interval.   
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The length of the turn on and turn off interval is the time it takes to charge or discharge a 

MOSFET, and is denoted by tsw. It can be calculated by dividing the change in gate charge to go from 

a gate-to-source voltage equal to ground to Vcc or vice versa, divided by the peak gate drive current 

which is used to charge and discharge the gate. This calculation assumes the gate current can be 

approximated as constant. 

𝑡𝑠𝑤 =
𝑄𝑔

𝐼𝑝𝑘

 
(4.6) 

The voltage across the gate drive inductor on the side currently precharging can be found 

with (4.7). Solving (4.7) and taking the integral gives (4.8), which solves for the length of the 

precharge interval for a particular side of the gate drive. 

𝑣𝐿𝑟,𝑝𝑟𝑒 = 𝐿𝑟

𝑑𝑖𝐿𝑟

𝑑𝑡
= (𝑉𝑐𝑐 − 𝑖𝐿𝑟𝑟𝑝𝑟𝑒 ) 

(4.7) 

𝑡𝑝𝑟𝑒 = −
𝐿𝑟

𝑟𝑝𝑟𝑒

ln (1 −
𝑄𝑔𝑟𝑝𝑟𝑒

𝑡𝑠𝑤𝑉𝑐𝑐

) 
(4.8) 

The voltage across the gate drive inductor on the side currently discharging can be found with (4.9). 

Solving (4.9) and taking the integral gives (4.10), which solves for the length of the discharge 

interval for a particular side of the gate drive. 

𝑣𝐿𝑟,𝑑𝑖𝑠 = 𝐿𝑟

𝑑𝑖𝐿𝑟

𝑑𝑡
= (

𝑉𝑐𝑐

𝐿𝑟

− 𝑖𝐿𝑟 𝑟𝑑𝑖𝑠) 
(4.9) 

𝑡𝑑𝑖𝑠 = −
𝐿𝑟

𝑟𝑑𝑖𝑠

ln (1 −
𝑄𝑔𝑟𝑑𝑖𝑠

𝑡𝑠𝑤𝑉𝑐𝑐

) 
(4.10) 

During the precharge interval, gate drive current goes from zero to Ipk. (4.11) gives the RMS 

precharge current, Ipre,RMS, which is necessary to calculate the conduction losses during the 

precharge interval, which is given by (4.12). Ts is the length of each switching period, and is the 

inverse of the switching frequency fs. 



53 

 

𝐼𝑝𝑟𝑒 ,𝑅𝑀𝑆 = 𝐼𝑝𝑘 √
𝑡𝑝𝑟𝑒

3𝑇𝑠

 
(4.11) 

𝑃𝑐𝑜𝑛𝑑,𝑝𝑟𝑒 = 𝐼2
𝑝𝑟𝑒,𝑅𝑀𝑆 𝑟𝑝𝑟𝑒  (4.12) 

During the turn OFF interval, the gate drive current should remain approximately equal to 

Ipk. The RMS gate drive current during this interval, IOFF,RMS, can then be calculated with (4.13). Since 

the length of the turn ON interval is the same as the turn OFF interval, I OFF,RMS = ION,RMS. The turn off 

conduction loss can be calculated with (4.14) and the turn ON conduction loss can be calculated 

with (4.15).  

𝐼𝑂𝐹𝐹 ,𝑅𝑀𝑆 = 𝐼𝑝𝑘 √
𝑡𝑠𝑤

𝑇𝑠

 
(4.13) 

𝑃𝑐𝑜𝑛𝑑,𝑂𝐹𝐹 = 𝐼2
𝑂𝐹𝐹,𝑅𝑀𝑆 𝑟𝑂𝐹𝐹  (4.14) 

𝑃𝑐𝑜𝑛𝑑,𝑂𝑁 = 𝐼2
𝑂𝑁,𝑟𝑚𝑠𝑟𝑂𝑁  (4.15) 

During the discharge interval, gate drive current goes from I PK to zero. (4.16) gives the RMS 

discharge current, Idis,RMS, which is necessary to calculate the conduction losses during the discharge 

interval, which is given by (4.17). 

𝐼𝑑𝑖𝑠,𝑅𝑀𝑆 = 𝐼𝑝𝑘 √
𝑡𝑑𝑖𝑠

3𝑇𝑠

 
(4.16) 

𝑃𝑐𝑜𝑛𝑑,𝑑𝑖𝑠 = 𝐼2
𝑑𝑖𝑠,𝑅𝑀𝑆𝑟𝑝𝑟𝑒  (4.17) 

The average current during the turn on interval, ION,avg, is calculated with (4.18), which is 

necessary to calculate the conduction loss of the diode in the gate drive (4.19). VF,GD is the forward 

voltage of the gate drive diode. 

𝐼𝑂𝑁,𝑎𝑣𝑔 =
𝐼𝑝𝑘 𝑡𝑠𝑤

𝑇𝑠

 
(4.18) 
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𝑃𝐷𝑐𝑜𝑛𝑑 ,𝑂𝑁 = 𝐼𝑂𝑁,𝑎𝑣𝑔𝑉𝐹,𝐺𝐷 (4.19) 

 (4.20) is an accurate approximation of the predrive loss for an individual gate drive 

MOSFET. Since the predrivers are based off a totem-pole design, the gate drive MOSFET gate is 

discharged to ground, meaning all the energy used to charge the gate is lost in the predriver 

resistance. Vpredriver is the predriver source voltage. Qg,M is the gate charge required for the gate of a 

gate driver MOSFET to go from zero to Vpredriver. 

𝑃𝑝𝑟𝑒𝑑𝑟𝑖𝑣𝑒 = 𝑄𝑔 ,𝑀𝑉𝑝𝑟𝑒𝑑𝑟𝑖𝑣𝑒 𝑓𝑠 (4.20) 

Switching loss in the gate drive is calculated with (4.21). During a switching interval M2 and M5 are 

both hard-switched once. Switching loss for each MOSFET can be estimated from (4.21). trise,M is the 

time it takes for the gate drive MOSFET to go from off to on. 

𝑃𝑠𝑤,𝐺𝐷 =
1

2
𝑉𝑐𝑐𝐼𝑝𝑘 𝑡𝑟𝑖𝑠𝑒,𝑀𝑓𝑠 

(4.21) 

Finally, core loss needs to be calculated with (4.22). The core loss is given by Ferroxcube in [34], 

who manufactures the core that was used for the experimental verification of this design. Cm, x, y, 

cto, ct1, and ct2 are parameters obtained by curve fitting power loss data for the core and are 

provided. Bpk is the peak flux density and T is the core temperature. 

𝑃𝑐𝑜𝑟𝑒 = 𝐶𝑚 𝑓𝑥𝐵𝑦
𝑝𝑘 (𝑐𝑡0 − 𝑐𝑡1𝑇 + 𝑐𝑡2𝑇2) (4.22) 

To find the gate drive resistance during a particular interval or VF,GD value for a specific time 

interval Table 1 can be consulted. Rds is the drain-to-source resistance of a particular gate drive 

MOSFET. rLr1 is the resistance of the coupled inductor on the Control MOSFET side, rLr2 is the resistance 

of the coupled inductor on the Synchronous MOSFET side. VF,D1 is the forward voltage of the diode on 

the Control MOSFET side of the gate drive, VF,D2 is the forward voltage on the Synchronous MOSFET 

side of the gate drive. 
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Table 1: Operating Intervals Variable Definition 

Interval Name Interval Number Resistances Diode Forward 
Voltage 

Inductor Precharge 1 Rds6 + Rds8 + rLr2  

2 Rds1 + Rds3 + rLr2  

MOSFET OFF 
 

3 Rds8 + rg2 + rLr2  

4 Rds3 + rg1 + rLr2  

MOSFET ON 5 Rds2 + rg1 + rLr2 VF,D1 

6 Rds5 + rg2 + rLr2 VF,D2 

Inductor Discharge 7 Rds1 + Rds4 + rLr1  

8 Rds6 + Rds7 + rLr2  

 

The conduction losses of the Control MOSFET can be found from the RMS current through the 

switch, Isw,RMS (4.23). Io is the output current in the Buck Converter. ∆𝐼𝐿  is the maximum change in 

inductor current during a switching period. d is the duty cycle of the Buck Converter.  

𝐼𝑠𝑤,𝑅𝑀𝑆 = √
1

𝑇𝑠

∫ 𝑖(𝑡)2𝑑𝑡 

(4.23) 

𝐼𝑠𝑤,𝑅𝑀𝑆 = √
1

𝑇𝑠

∫ (𝐼𝑜𝑢𝑡 + ∆𝐼𝐿

𝑡 − 1
2⁄ 𝑑𝑇𝑠

𝑑𝑇𝑠

)2𝑑𝑡
𝑑 𝑇𝑠

0

 

(4.24) 

𝐼𝑠𝑤,𝑅𝑀𝑆 = √𝐼𝑜
2𝑑 + ∆𝐼𝐿

2 1
12⁄ 𝑑 

(4.25) 

𝑃𝑐𝑜𝑛𝑑,𝑠𝑤 = 𝑅𝐷𝑆 ∗ 𝐼2
𝑠𝑤,𝑅𝑀𝑆  (4.26) 

Switching loss of the Control MOSFET can be calculated using (4.27), where IPK is the gate 

current used to charge the MOSFET, QGS is the gate-to-source charge, QGD is the gate-to-drain 

charge, and Qg(th) is the charge required to turn the MOSFET on. 

𝑃𝑠𝑤 = 𝑉𝑖𝑛 ∗ 𝐼𝑜𝑢𝑡 ∗ 𝑓𝑠 ∗
(𝑄𝐺𝑆 + 𝑄𝐺𝐷 − 𝑄𝑔(𝑡ℎ))

𝐼𝑝𝑘

 
(4.27) 

The losses related to the Control MOSFET can be graphed versus the gate current during the 

switching interval, which is equivalent to the peak gate drive current as seen in Figure 3-5.  The 
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components and values used for these calculations can be found in Table 2. For this case, the gate 

drive inductance is set to 100nH. 

Table 2: Components and Values used for Analysis of Control MOSFET Losses 

Component Manufacturer P/N and Details 

Driver p-channel MOSFETs BSS315PH6327XTSA1, 150mΩ, 2.3nC 

Driver n-channel MOSFETs BSS306NH6327XTSA1, 57mΩ, 1.5nC 

Control MOSFET BSF030NE2LQXUMA1, 3.3mΩ, 11.3nC 

Synchronous MOSFET IRF6894MTRPBF, 1.3mΩ, 31nC 

Parameter Value 

Switching Frequency 1MHz 

Input Voltage 12V 

Output Voltage  1.5V 

Output Current 20A 

Buck Inductor FP1007R3-R30-R, 300nH, 0.29mΩ 

 

 

Figure 3-5: Control MOSFET Losses versus Gate Current 

Considering Figure 3-5, it is seen that faster switching of the Control MOSFET, meaning a 

larger peak current through the gate drive, leads to lower switching losses. Expectedly, when the 

Control MOFET is switched more slowly, with less peak current through the gate drive, switching 

losses increase linearly. The conduction loss of the Control MOSFET is independent of the switching 
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speed. In terms of minimizing gate drive loss, it is advantageous to operate with a smaller peak gate 

drive current. A shorter switching time requires greater peak gate drive current, and longer 

precharging and discharging intervals. When choosing the operation point, it is necessary to balance 

the switching losses and gate drive losses. 

It is of note that the calculated switching loss is based on the assumption that the current 

used to charge and discharge the SR gate is constant and equal to I pk. This assumption remains valid 

for lower higher peak gate currents. However, operation below I pk = 1A already has such high losses 

that it was not necessary to consider the impact that changing gate drive current during switching 

periods would have on overall efficiency.  

It is seen that by varying the inductance the losses can be reduced to a certain degree. 

However, use of an inductor that is too small will lead to circulating current. Certain inductance and 

Ipk combinations will also lead to switching, precharging and discharging interval lengths that do not 

allow for correct operation since the gate drive will not have time to discharge before a precharge 

interval begins. It is necessary that the inductor be within the bounds specified later to ensure 

correct operation of the gate driver. 

Bounds on Coupled Inductor Size on Control MOSFET side of Gate Drive 

Taking into consideration the tsw period of the MOSFET, it can be seen that the driver 

inductor will resonate with the gate capacitance of the MOSFET. To ensure unidirectional energy 

flow, a quarter resonant cycle must be at least as long as tsw: 

𝑇𝑠

4
≥ 𝑡𝑠𝑤  

(4.28) 
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From (4.28), a lower bound can be placed on the gate drive inductor (4.29). 

𝐿𝑟 ≥
4𝑡𝑠𝑤

2𝑉𝑐𝑐

𝜋2𝑄𝑔

 
(4.29) 

For each switching interval, the time it takes to Turn ON the MOSFET, discharge that side of the 

gate drive, precharge that side of the gate drive, and finally Turn OFF the MOSFET should not be 

longer than the duty cycle d of that MOSFET. Therefore: 

𝑑𝑇𝑠 ≥ 2𝑡𝑠𝑤 + 𝑡𝑝𝑟𝑒 + 𝑡𝑑𝑖𝑠 (4.30) 

This equation can be solved to place a maximum bound on the coupled inductor for a given gate 

current: 

𝐿𝑟 ≤
−𝑑𝑇𝑠(1 −

4𝑡𝑠𝑤

𝑇𝑠
)𝑟𝑑𝑖𝑠𝑟𝑝𝑟𝑒

[𝑟𝑝𝑟𝑒 ln (1 +
𝑄𝑔𝑟𝑑𝑖𝑠

𝑡𝑠𝑤𝑉𝑐𝑐
) + 𝑟𝑑𝑖𝑠 ln (1 −

𝑄𝑔𝑟𝑝𝑟𝑒

𝑡𝑠𝑤𝑉𝑐𝑐
)]

 

(4.31) 

Considering the bounds placed on Lr, it is seen that both  Lr,min and Lr,max are dependent on 

the switching time, tsw. This is shown in Figure 3-6, where Lr,min and Lr,max are the blue lines and serve 

as boundaries for acceptable gate drive inductance values. At the ideal operating point, which is 

around 2-4A for the Control MOSFET, the upper bound eliminates the possible use of a 200nH 

inductor. However, if too low an inductor is used circulating current can become a problem, as 

discussed in 3.2 Design to Achieve Optimal Operation of Gate Drive. 
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Figure 3-6: Limits on Inductance Values versus Switching Time for Control MOSFET 

Losses Related to the Synchronous MOSFET 

The same equations used for the Control MOSFET gate drive losses can be used for the 

Synchronous MOSFET. Since the Synchronous MOSFET will have a different gate charge Qg and a 

different gate drive inductance value Lr, the gate drive losses will be different. Other losses to 

consider are the reverse recovery loss Prec, the diode loss Pd, and the conduction loss of the 

Synchronous MOSFET Pcon,sw. Switching losses in the Synchronous MOSFET are inconsequential.  

The reverse recovery loss occurs when the diode of the Synchronous MOSFET is conducting 

and the Control MOSFET is turned on. The Buck Converter input voltage, Vin, is seen across the 

Synchronous MOSFET diode, and current through the diode will go to zero. The diode will continue 

to conduct in the opposite direction due to the presence of stored charges Qrr.  

𝑃𝑟𝑒𝑐 = 𝑄𝑟𝑟 ∗ 𝑉𝑖𝑛 ∗ 𝑓𝑠  (4.32) 

To find the diode conduction loss, it is necessary to determine the time periods when the 

diode will be conducting, that is when both the Control MOSFET and Synchronous MOSFET are 

turned off. There are two separate intervals that need to be considered for both the Control 
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MOSFET and the Synchronous MOSFET. The first is when the gate-to-source voltage changes from 

plateau voltage, where peak current is flowing through the MOSFET, to threshold voltage, where 

zero current is flowing through the MOSFET. tcon,thresh is the time for the Control MOSFET, tsync,thresh is 

the time for the Synchronous MOSFET. QGS,con is the gate charge of the Control MOSFET, and QGS,sync 

is the gate charge of the Synchronous MOSFET when the gate-to-source voltage of the MOSFET is at 

the plateau voltage. QGS(th),con is the gate charge of the Control MOSFET, and QGS(th),sync is the gate 

charge of the Synchronous MOSFET when the gate-to-source voltage of the MOSFET is at the 

threshold voltage. The second interval is where the gate to source voltage goes from threshold 

voltage to zero voltage. tcon,zero is the time for the Control MOSFET, tsync,zero is the time for the 

Synchronous MOSFET. 

𝑡𝑐𝑜𝑛,𝑡ℎ𝑟𝑒𝑠ℎ =
𝑄𝐺𝑆,𝑐𝑜𝑛 − 𝑄𝑔(𝑡ℎ),𝑐𝑜𝑛

𝐼𝑝𝑘1

 
(4.33) 

𝑡𝑐𝑜𝑛,𝑧𝑒𝑟𝑜 =
𝑄𝑔(𝑡ℎ),𝑐𝑜𝑛

𝐼𝑝𝑘1

 
(4.34) 

𝑡𝑠𝑦𝑛𝑐 ,𝑡ℎ𝑟𝑒𝑠ℎ =
𝑄𝐺𝑆,𝑠𝑦𝑛𝑐 − 𝑄𝑔(𝑡ℎ) ,𝑠𝑦𝑛𝑐

𝐼𝑝𝑘2

 
(4.35) 

𝑡𝑠𝑦𝑛𝑐 ,𝑧𝑒𝑟𝑜 =
𝑄𝑔(𝑡ℎ),𝑠𝑦𝑛𝑐

𝐼𝑝𝑘2

 
(4.36) 

The diode conduction loss PD is found using equation (4.37). The average current will be the 

same as the output current. The average current is divided by two when multiplied by tcon,thresh + 

tsync,thresh since during these time intervals the current through the Control or Synchronous MOSFETs 

is changing from zero to peak, which means the current through the diode will also be changing. 

The equation is multiplied by two since there are two deadtimes in a switching period. VF is the 

forward voltage of the Synchronous MOSFET diode. 
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𝑃𝐷 =  2 ∗ 𝑉𝐹 ∗ 𝑓𝑠 [𝐼𝑜(𝑡𝑐𝑜𝑛,𝑧𝑒𝑟𝑜 + 𝑡𝑠𝑦𝑛𝑐 ,𝑧𝑒𝑟𝑜) +
𝐼𝑜

2
(𝑡𝑐𝑜𝑛,𝑡ℎ𝑟𝑒𝑠ℎ + 𝑡𝑐𝑜𝑛,𝑡ℎ𝑟𝑒𝑠ℎ )] 

(4.37) 

For conduction loss of the Synchronous MOSFET, it is necessary to calculate the RMS 

current through the MOSFET: 

𝐼𝑠𝑤,𝑟𝑚𝑠 = √
1

𝑇𝑠

∫ 𝑖(𝑡)2𝑑𝑡 

(4.38) 

𝐼𝑠𝑤,𝑟𝑚𝑠 = √
1

𝑇𝑠

∫ (𝐼𝑜𝑢𝑡 + ∆𝐼𝐿

𝑡 − 1
2⁄ (1 − 𝑑)𝑇𝑠

𝑑𝑇𝑠

)2𝑑𝑡
(1−𝑑)𝑇𝑠

0

 

(4.39) 

𝐼𝑠𝑤,𝑟𝑚𝑠 = √𝐼𝑜𝑢𝑡
2(1 − 𝑑) + ∆𝐼𝐿

2 1
12⁄ (1 − 𝑑) 

(4.40) 

𝑃𝑐𝑜𝑛𝑑,𝑠𝑤 = 𝑅𝐷𝑆 ∗ 𝐼2
𝑠𝑤,𝑟𝑚𝑠  (4.41) 

 

The losses attributed to the Switching MOSFET can be graphed versus the switching time, as 

seen in Figure 3-7. The components and values used for these calculations can be found in Table 2. 

For this case, the gate drive inductance is set to 225nH. It is of note that the calculation for diode 

loss is based on the speed at which the Control MOSFET is switched on and off. However, since the 

time it takes to switch the Synchronous MOSFET is much longer then the Control MOSFET these 

intervals can be approximated without introducing too much inaccuracy. Expectedly, losses related 

to the Synchronous MOSFET are less effected by changes in switching time than losses related to 

the Control MOSFET. Diode reverse recovery losses and conductions losses are independent of 

switching time, while the diode losses grow as switching time increases. Gate drive losses drop as 

switching time increases.  

 

 



62 

 

 

 

 

Figure 3-7: Synchronous MOSFET Losses versus Gate Current 

Losses can be reduced by selection of ideal switching time and inductance value for the 

Synchronous MOSFET. However, these reductions in losses are of smaller magnitude than the 

correct selection of Control MOSFET switching time and inductance will lead to. 

The equations for the maximum and minimum gate drive inductance are the same as for the 

Control MOSFET, (4.29) and (4.31).  

Figure 3-8 shows the range of acceptable gate drive inductance values versus Ipk, where the 

blue lines serve as the boundary for the acceptable gate drive inductance values.  At the ideal 

operating point, which is around 1-3A for the Synchronous MOSFET, all three inductor choices are 

acceptable. 
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Figure 3-8: Limits on Inductance Values versus Switching Time for Synchronous MOSFET 

Overall Losses 

To figure out the overall losses of the Buck Converter with the Asymmetric Complementary 

Dual Channel Current Source Gate Driver the ratio of the peak currents on either side of the gate 

drive need to be found. The ratio of the peak currents is based on the characteristics of the coupled 

inductor in the gate drive. 

Considering the winding of the coupled inductor, the inductance can be calculated from the 

number of turns made around the core, multiplied by the AL which is stated by the manufacturer for 

the specific core used. 

𝐿1 = 𝑁1
2 ∗ 𝐴𝑙  (4.42) 

𝐿2 = 𝑁2
2 ∗ 𝐴𝑙  (4.43) 

Equations (4.44) and (4.45) are the characteristic equations for a coupled inductor. From 

them it is possible to determine peak currents for both sides of the gate drive. The mutual 

inductance M of the coupled inductor can be calculated with (4.46). k is the coupling coefficient, 
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which will be between 0 and 1, where 1 is a perfect flux linkage between conductors. Since both 

windings are on the same core this value will be close to 1. 

𝑣1 = 𝐿1

𝑑𝑖1

𝑑𝑡
− 𝑀

𝑑𝑖2

𝑑𝑡
 

(4.44) 

𝑣2 = 𝐿1

𝑑𝑖2

𝑑𝑡
− 𝑀

𝑑𝑖1

𝑑𝑡
 

(4.45) 

𝑀 = 𝑘√𝐿1𝐿2 (4.46) 

To find the ratio of peak currents in the gate drive, the beginning of the Interval 4, where 

the current has switched sides, can be analyzed (3.1 Proposed Gate Drive Operation). At the 

beginning of this interval, v1 = v2 = Vcc. Dividing (4.44) by (4.45) and substituting (4.42), (4.43), and 

(4.47) gives (4.47). Rearranging results in (4.48). 

1 =
𝑁1

2𝑑𝑖1 − 𝑘𝑁1𝑁2𝑑𝑖2

𝑁2
2𝑑𝑖2 − 𝑘𝑁1𝑁2𝑑𝑖1

 
(4.47) 

𝑑𝑖1(𝑁1
2 + 𝑘𝑁1𝑁2) = 𝑑𝑖2(𝑁2

2 + 𝑘𝑁1 𝑁2) (4.48) 

If k is close to one, then (4.48) becomes (4.49). Integrating results in (4.50), which gives the 

relationship between peak currents for the gate drive.  

𝑑𝑖1

𝑑𝑖2

=
𝑁2

𝑁1

 
(4.49) 

∆𝑖1

∆𝑖2

=
𝑁2

𝑁1

 
(4.50) 

Now that the relationship between peak currents has been found it is necessary to 

determine how long it will take for current to go from peak to zero on one side of the gate drive, 

while the other side goes from zero to peak, which is called tpk. Rearranging (4.52) to get (4.53), and 

substituting (4.53) into (4.51) gives (4.54), where the integral of both side of the equation is taken. 

This gives (4.55). As k approaches 1, the time approaches zero. Therefore, with good flux linkage, tpk 

will be very small.   
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𝑣1 = 𝐿𝑟1

𝑑𝑖1

𝑑𝑡
− 𝑀

𝑑𝑖2

𝑑𝑡
 

(4.51) 

𝑣1𝑑𝑡 = 𝐿𝑟1𝑑𝑖1 − 𝑀𝑑𝑖2  (4.52) 

𝑑𝑖2 =
𝑁1

𝑁2

𝑑𝑖1 
(4.53) 

∫ 𝑣1𝑑𝑡 = ∫ (𝐿𝑟1 −
𝑘𝑁1√𝐿𝑟1𝐿𝑟2

𝑁2

) 𝑑𝑖1 
(4.54) 

∆𝑡𝑝𝑘 =  (𝐿𝑟1 − 𝑘𝐿𝑟1)
∆𝑖1

𝑣1

 
(4.55) 

Now that Ipk2 can be defined in terms of Ipk2 (4.53), it is possible to analyze the total losses of 

both the Buck Converter and the Gate Driver. (4.57) and (4.58) give the time it takes to turn a 

MOSFET on or off, given the gate current and that MOSFET’s gate charge Qg at Vgs = Vcc.  Inserting 

(4.57) and (4.58) into (4.56), the switching period of the Synchronous MOSFET can be defined in 

terms of the Control MOSFET (4.59). Tsw1 is the ratio of the switching time of the Control MOSFET to 

Ts, Tsw2 is the ratio of the switching time of the Synchronous MOSFET to Ts. 

𝐼𝑝𝑘2 =
𝑁1

𝑁2

𝐼𝑝𝑘1  
(4.56) 

𝐼𝑝𝑘1 =
𝑄𝑔1

𝑇𝑠𝑤1𝑇𝑠

 
(4.57) 

𝐼𝑝𝑘2 =
𝑄𝑔2

𝑇𝑠𝑤2𝑇𝑠

 
(4.58) 

𝑇𝑠𝑤2 =
𝑁2

𝑁1

∗
𝑄𝑔2

𝑄𝑔1

∗ 𝑇𝑠𝑤1  
(4.59) 

Since (4.59) links the switching period of the Control MOSFET to the Synchronous MOSFET, 

it is possible to analyze the total losses versus the Tsw of the Control MOSFET for a given turns ratio. 

This obviously gives a better overall picture then analyzing the losses separately. It is also more 

accurate to choose the turns ratio first, then choose Tsw since the turns must be absolute values. 



66 

 

However, the individual analysis of losses as seen in Figure 3-5: Control MOSFET Losses versus Gate 

Current and Figure 3-7: Synchronous MOSFET Losses versus Gate Current also aids in design since 

the ideal Tsw can be seen independent of turns ratio, and will lead to intuition about what the ideal 

turns ratio may be. 

To calculate overall losses, the losses due to the Buck Converter inductor must be added to 

the losses stemming from the Control MOSFET and the Synchronous MOSFET. These include 

conduction loss due to the inductor resistance RL, along with core loss. The RMS current through 

the Buck Inductor IL,RMS can be calculated with (4.60), and the conduction loss Pcond,L can be 

calculated with (4.61). Typically, Pcond,L is relatively low compared to other losses since inductor 

resistance is low. 

𝐼𝐿,𝑅𝑀𝑆 = √𝐼𝑜
2 +

∆𝐼𝐿
2

12
 

(4.60) 

𝑃𝑐𝑜𝑛𝑑,𝐿 = 𝑅𝐿𝐼𝐿,𝑅𝑀𝑆
2 (4.61) 

To find core loss in the Buck Converter inductor, it is necessary to consult the data sheet 

provided by Cooper [35]. Core loss versus Bp-p can be found with a graph in Appendix B. Bp-p can be 

calculated with (4.62). K is a factor provided for the specific inductor used, L is the inductance, and 

∆𝐼 is the peak to peak ripple current. The core loss for the Buck Converter was relatively low 

compared to other losses, about 0.08W. 

𝐵𝑝−𝑝 = 𝐾 ∗ 𝐿 ∗ ∆𝐼𝐿 ∗ 10−3  (4.62) 

Figure 3-9 shows the losses for the whole circuit. The turns ratio is 2:3 for the Control 

MOSFET side and Synchronous MOSFET side respectively. From Figure 3-9 it can be seen that the 

lowest losses occur when the Control MOSFET side of the gate drive has a peak current around 
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3.5A. Pswc is the losses related to the Control MOSFET, Psws is the losses related to the Synchronous 

MOSFET. 

 

Figure 3-9: Overall Losses versus Peak Current in Control MOSFET Gate 

Next, different operating points are considered. Figure 3-10 shows losses for different loads, 

with Vo = 1.5V. Figure 3-11 shows losses using different Vo values, with Io = 20A. A turns ratio of 2:3 

is used. The black star marks the point of lowest losses for each. It can be seen that the ideal 

operating point changes minimally as the output current changes or the output voltage changes. In 

addition, operation points close to the ideal point do not experience substantially greater losses. 

This is advantageous since the operation periods – precharge time, switching time etc., can remain 

constant with variances in desired output. The ideal turns ratio did not change based on output 

requirements either.  

Taking a closer look at Figure 3-11 it is seen that there is little difference between the two 

curves. This makes sense since the output voltage will not affect switching losses, gate drive losses, 

or diode losses. It will only affect conduction losses, since a higher output voltage means the 
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Control MOSFET will be conducting for longer, which has a higher RDS then the Synchronous 

MOSFET. 

 

 

Figure 3-10: Overall losses for different Loads 

 

Figure 3-11: Overall Losses for different Output Voltages 
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4.3 Comparison to Conventional Gate Drive  

An analysis of the losses resulting from the use of a Conventional Gate Driver for a Buck 

Converter was done. By doing this, the efficiency of a Buck Converter with either an Asymmetric 

Complementary Dual Channel Current Source Drive or a Conventional Gate Driver could be 

compared. The same Buck Converter components, including the Control MOSFET, Synchronous 

MOSFET and inductor were used for calculations, which can be found in Table 2. The dead time for 

the ACDC CSD is 12ns. The conduction losses and reverse recover loss of the Buck Converter with 

Conventional Gate Driver will be approximately the same as with the ACDC CSD. Equations (4.63)-

(4.67) solve for the conduction and reverse recovery losses of the Buck Converter with Conventional 

Gate Drive. 𝐼𝑐,𝑅𝑀𝑆,𝐶 is the RMS current through the Control MOSFET, 𝐼𝑠,𝑅𝑀𝑆,𝐶 is the RMS current 

through the Synchronous MOSFET. 𝑃𝑐,𝑐𝑜𝑛𝑑,𝐶 is the conduction loss of the Control MOSFET, 𝑃𝑠,𝑐𝑜𝑛𝑑,𝐶 

is the conduction loss of the Synchronous MOSFET. 𝑃𝑟𝑒𝑐,𝐶 is the reverse recovery loss of the diode 

of the Synchronous MOSFET. The length of the conduction interval for the Synchronous MOSFET 

will vary slightly since the conventional driver will have different switching time lengths, however 

this will have a minimal effect on overall losses. 

𝐼𝑐,𝑅𝑀𝑆,𝐶 = √𝐼𝑜𝑢𝑡
2𝑑 + ∆𝐼𝐿

2 1
12⁄ 𝑑 

(4.63) 

𝑃𝑐,𝑐𝑜𝑛𝑑,𝐶 = 𝑅𝑠𝑤 ∗ 𝐼2
𝑠𝑤,𝑅𝑀𝑆 (4.64) 

𝐼𝑠,𝑅𝑀𝑆,𝑆 = √𝐼𝑜𝑢𝑡
2(1 − 𝑑) + ∆𝐼𝐿

2 1
12⁄ (1 − 𝑑) 

(4.65) 

𝑃𝑠,𝑐𝑜𝑛𝑑,𝐶 = 𝑅𝑠𝑤 ∗ 𝐼2
𝑠𝑤,𝑅𝑀𝑆  (4.66) 

𝑃𝑟𝑒𝑐,𝐶 = 𝑄𝑟𝑟 ∗ 𝑉𝑖𝑛 ∗ 𝑓𝑠  (4.67) 
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(4.72), (4.73), and (4.78) are losses that are affected by the choice of gate drive. 

From Figure 3-12, the time it takes for a MOSFET to go from off to on, or vice versa, is equal to t1 + 

t2. (4.68) gives the length of this period for turn on, tsw,on, and (4.69) gives the length of this period 

for turn off, tsw,off. 

𝑡𝑠𝑤,𝑜𝑛 =
(𝑄𝐺𝑆 + 𝑄𝐺𝐷 − 𝑄𝑔(𝑡ℎ))

𝐼𝑔,𝑜𝑛

 
(4.68) 

𝑡𝑠𝑤,𝑜𝑓𝑓 =
(𝑄𝐺𝑆 + 𝑄𝐺𝐷 − 𝑄𝑔(𝑡ℎ))

𝐼𝑔,𝑜𝑓𝑓

 
(4.69) 

 

Figure 3-12: Charging of MOSFET 
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(4.70) and (4.71) give the gate current when Vgs is equal to the plateau voltage of the 

MOSFET during turn-on and turn-off periods, which can be used to calculate (4.68) and (4.69). Ig,on is 

the gate current during the turn-on period, Ig,off is the gate current during the turn off period. This is 

an approximation since during t1 Vgs changes from threshold voltage to plateau voltage. However, 

this change is not so big that it will introduce significant inaccuracy. Psw,C, calculated by (4.72), is the 

switching loss for both turn-on and turn-off of the Control MOSFET with a Conventional Gate Drive. 

It is clear that a smaller gate current will lead to a longer switching time, and thus higher switching 

losses. 

𝐼𝑔,𝑜𝑛 =
𝑉𝐷𝑟𝑖𝑣𝑒𝑟 − 𝑉𝑝

𝑅𝐻 + 𝑅𝐺𝐶

 
(4.70) 

𝐼𝑔,𝑜𝑓𝑓 =
𝑉𝑝

𝑅𝐿 + 𝑅𝐺𝐶

 
(4.71) 

𝑃𝑠𝑤 =
1

2
𝑉𝑖𝑛𝐼𝑜𝑢𝑡 𝑓𝑠𝑤 (𝑡𝑠𝑤,𝑜𝑛 + 𝑡𝑠𝑤,𝑜𝑓𝑓) 

(4.72) 

The gate driver losses can be calculated with (4.73), which finds the power loss of charging 

and discharging the MOSFET gates of both the Control MOSFET and the Synchronous MOSFET. As 

discussed previously, unlike a resonant drive all charge used to turn on the MOSFETs is lost and not 

returned to the source. 

𝑃𝑔𝑑 = (𝐶𝐸𝑄,ℎ𝑉𝐿𝑂 ,ℎ + 𝐶𝐸𝑄 𝑉𝐿𝑂,𝑙 + 𝑄𝑔ℎ + 𝑄𝑔𝑙)𝑉𝐷𝑟𝑖𝑣𝑒𝑟 𝑓𝑠  (4.73) 

 

Finally, diode conduction loss can be calculated for a Buck Converter with the Conventional 

Gate Drive. (4.74) and (4.75) approximate the gate current during the entire turn on and turn off 

periods (when Vgs goes from 0V to Vdrive) for either the Control MOSFET or the Synchronous 

MOSFET. RGate is the gate resistance of the MOSFET being driven. Different RGate values would be 

used based on whether the calculation is for the Control MOSFET or for the Synchronous MOSFET. 
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Idriver,on is the gate current during turn on, Idriver,off is the gate current during turn off. RH is the 

resistance in the gate drive when the MOSFET is being turned on, RL is the resistance of the gate 

drive when the MOSFET is being turned off.  tcont and tsync from (4.76) and (4.77) give the time for vgs 

to go from zero to VP and from VP to zero for both the Control MOSFET and Synchronous MOSFET. 

These values are used to calculate PD,c in (4.78), which gives the diode conduction loss.  

𝐼𝑑𝑟𝑖𝑣𝑒𝑟,𝑜𝑛 =
𝑉𝐷𝑟𝑖𝑣𝑒𝑟 −

𝑉𝑝

2
𝑅𝐻 + 𝑅𝐺𝑎𝑡𝑒

 

(4.74) 

𝐼𝑑𝑟𝑖𝑣𝑒𝑟,𝑜𝑓𝑓 =

𝑉𝑝

2
𝑅𝐿 + 𝑅𝐺𝑎𝑡𝑒

 

(4.75) 

𝑡𝑐𝑜𝑛𝑡 =
𝑄𝑔ℎ𝑝

𝐼𝑑𝑟𝑖𝑣𝑒𝑟,𝑜𝑛

+
𝑄𝑔ℎ𝑝

𝐼𝑑𝑟𝑖𝑣𝑒𝑟 ,𝑜𝑓𝑓

 
(4.76) 

𝑡𝑠𝑦𝑛𝑐 =
𝑄𝑔𝑙𝑝

𝐼𝑑𝑟𝑖𝑣𝑒𝑟 ,𝑜𝑛

+
𝑄𝑔𝑙𝑝

𝐼𝑑𝑟𝑖𝑣𝑒𝑟,𝑜𝑓𝑓

 
(4.77) 

𝑃𝐷 ,𝑐 =  (𝑡𝑐𝑜𝑛𝑡 + 𝑡𝑠𝑦𝑛𝑐)𝑓𝑠𝑉𝐹 𝐼𝑜  (4.78) 

For the conventional driver UCC2722 is used. For this driver RH = RL = 2Ω, and the minimum 

dead time is given as 60ns. VDriver, the voltage driving the Buck Converter MOSFET gates, is 6V. The 

data sheet [37] for the UCC2722 driver gives an equation for gate drive losses which was used. 

Figure 3-13 shows the efficiency curve for the Buck Converter with Asymmetric 

Complementary Dual Channel Current Source Drive versus the Buck Converter with a Conventional 

Gate Drive. The input voltage Vin of the buck converter is 12V and the output voltage Vo is 1.5V. The 

gate drive input voltage VDriver is 5V. The switches used are the same as in Table 2. The ACDC CSD 

achieves an efficiency 4.4% greater than the Conventional GD when output current is between 20-

30A. Observing Table 3, the efficiency gain achieved is a result of the ACDC CSD having lower 

switching loss and lower diode conduction loss.  The gate drive loss reduction is proportionally less. 
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Although the ACDC CSD saves power by returning the current to the source and utilizing the 

coupled inductor, it loses some power by having higher peak gate current which is used to achieve 

faster switching. 

At output currents lower then 10A the efficiency becomes increasingly similar. This is 

because the switching loss and diode loss increase linearly with output current, meaning at light 

load they are smaller compared to gate drive loss and reverse recovery loss which are both 

independent of current. Both gate drives reach peak efficiency after hitting 20A output current. 

After 30A output current, efficiency decreases since conduction loss increases quadratically with 

output current, as seen by (4.64) and (4.66). At higher loads it would be advantageous to use a 

multiphase buck converter to minimize switching losses.  

At higher loads it can be advantageous to use switches with a lower drain-to-source 

resistance RDS to minimize conduction loses. However, this will lead to higher gate charge Qg which 

will increase switching loss Psw and diode conduction loss PD. In this scenario, the ACDC CSD is even 

more advantageous due to its ability to reduce Psw and PD versus a Conventional Gate Drive. 
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Figure 3-13: Efficiency of Buck Converter with ACDC CSD versus Efficiency of Buck Converter with 

Conventional Gate Drive 

 
 

Table 3: Losses for Buck Converter with ACDC CSD vs Buck Converter with Conventional Drive       
with Io = 20A and Vo = 1.5V 

Sources of Loss Conventional Driver Losses Asymmetric Complementary 
Dual-Channel CSD Losses 

Control FET Conduction Loss 

(W) 
 

0.17 0.17 

Synchronous FET Conduction 
Loss (W) 

0.49 0.49 

Diode Reverse Recovery Loss 

(W) 

0.70 0.70 

Buck Inductor Resistance Loss 
(W) 

0.12 0.12 

Switching Loss (W) 

 

0.94 0.35 

Diode Conduction Loss (W) 
 

0.87 0.21 

Gate Drive Loss (W) 
 

0.41 0.27 
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The ACDC CSD was also compared to [36], another high efficiency Current Source Gate Driver so 

that efficiency improvements could be better analyzed versus a driver designed for high 

frequencies. For a fair comparison, the components used in [36] were adopted: 

• Control MOSFET Q1: Si7860DP 

• Synchronous MOSFET Q2: Si7336ADP 

• Output filter inductance: Lf = 330nH, RDC =1.3mΩ 

The specifications were: input voltage Vin = 12V; output voltage Vo = 1.5V; and switching 

frequency fs = 1MHz. Figure 3-14 shows the calculated efficiency of the ACDC CSD versus the 

experimental efficiency of [36]. The difference in efficiency is unsurprisingly less than when the 

ACDC CSD is compared to the conventional drive, however, at all points of operation there is a 

substantial improvement in expected efficiency.  

 

 

Figure 3-14: Comparison of ACDC CSD and Driver from [36] 
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4.4 Multiphase Analysis 

At higher currents it is advantageous to use a multiphase buck converter, as shown in Figure 

3-15. Advantages of a multiphase buck converter include: 

o Potential for higher efficiency due to lower conduction losses 

o Smaller inductors can be used since the current is split between phases 

o Ripple current is minimized in the output stage from the combination of current from 

different phases, meaning less output capacitance is needed. 

o Ripple current is minimized at the input of the converter, meaning less input 

capacitance is needed. 

 

Cout

+ 
Vo 
-

- Vin +

L

L

Cin

Phase 1

Phase 2
 

Figure 3-15: Multiphase Buck Converter 

Using a multiphase converter lowers the conduction loss as shown by (4.79)-(4.81) which 

shows the conduction loss for either the Control or Synchronous MOSFETs Pcond,total. IRMS is the RMS 

current seen by each individual MOSFET (either Control or Synchronous), n is the number of phases, 
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Itotal is the RMS current seen by the output load, and RDS is the drain-to-source resistance of that 

MOSFET. 

𝐼𝑅𝑀𝑆 =
𝐼𝑡𝑜𝑡𝑎𝑙

𝑛
 

(4.79) 

𝑃𝑐𝑜𝑛𝑑 = 𝐼𝑅𝑀𝑆
2 ∗ 𝑅𝐷𝑆  

(4.80) 

𝑃𝑐𝑜𝑛𝑑,𝑡𝑜𝑡𝑎𝑙 =  𝑃𝑐𝑜𝑛𝑑 ∗ 𝑛 
(4.81) 

However, using a multiphase converter will increase gate drive loss since more gate drives 

are necessary for the increased number of phases (4.82). Pgd is the gate drive loss for an individual 

phase, while Pgd,total is the gate drive loss of all phases combined. 

𝑃𝑔𝑑,𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑔𝑑 ∗ 𝑛 (4.82) 

Use of a multiphase converter will also increase the diode reverse recovery loss of 

Synchronous MOSFETs according to (4.83). Prec is the reverse recovery loss for an individual phase, 

while Prec,total is the reverse recovery loss of all phases combined. 

𝑃𝑟𝑒𝑐 ,𝑡𝑜𝑡𝑎𝑙 =  𝑃𝑟𝑒𝑐 ∗ 𝑛 (4.83) 

Figure 3-16 shows the efficiency as output current increases for the Multiphase Buck 

Converter with Asymmetric Complementary Dual Channel Current Source Drive. Different numbers 

of phases are shown. It can be seen that certain ranges of current achieve much higher efficiency 

utilizing a certain number of phases. A single-phase converter has very low efficiency after output 

current exceeds 30A compared to a multiphase converter. Figure 3-17 shows the efficiency as 

output current increases for the Multiphase Buck Converter with Conventional Gate Driver. 

Similarly, for different ranges of current it is more effective to use a different number of phases. 

When comparing the ACDC CSD to the Conventional Driver it is found that the ACDC CSD achieves 
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around a 4% increase in peak efficiency when applied to a Multiphase Buck Converter, independent 

of the output current range if the optimal phase number is used. 

 

 

Figure 3-16: Efficiency versus Output Current for a Multiphase Buck Converter with ACDC CSD 

 
Figure 3-17: Efficiency versus Output Current for a Multiphase Buck Converter with CGD 
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4.5 Simulation and Experimental Results 

A simulation was done using PSIM and a printed circuit board was built to confirm the operation 

and efficiency of the Asymmetric Complementary Dual Channel Current Source Driver when applied 

to a Synchronous Buck Converter. The components of the circuit both for simulation and for the 

PCB are the same as the components used for calculation, and can be found in Table 2. 

A turns ratio of two turns on the Control MOSFET side of the gate drive and three turns on the 

Synchronous MOSFET side of the gate drive was used. A gate current of 3A was used on the Control 

MOSFET side while a gate current of 2A was used on the Synchronous MOSFET side to maximize 

efficiency. For the Control MOSFET side the precharge time was 62ns, the discharge time was 52ns, 

and the switching time was 4ns. For the Synchronous MOSFET side the precharge time was 96ns, 

the discharge time was 78ns, and the switching time was 15ns.  

The simulation confirmed the expected operation of the circuit.  

Figure 3-18 shows the coupled inductor current versus time. In the simulation, current switches 

instantaneously from one side of the gate drive to the other side. Circulating current occurring 

when it is desirable to have no current on that side of the gate drive is also minimal. 

The desired gate drive current was achieved. 
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Figure 3-18: Coupled Inductor Current from Simulation 

 

Figure 3-19 shows the gate-to-source voltage of both the Control MOSFET and the 

Synchronous MOSFET. It is seen that both signals are able to maintain 0V or >5V when desired. 

There is no overlapping of gate voltages, that is the two switches are never on simultaneously.  

 

Figure 3-19: Gate-to-Source Voltage of both Control MOSFET and Synchronous MOSFET 



81 

 

The gate-to-source voltage of the Control MOSFET is shown in Figure 3-20, along with the 

current in the coupled inductor on that side of the gate drive. Vgs is shown to be nearly constant 

during the precharge and discharge intervals. The Control MOSFET is switched when the inductor 

current is at 3A. During the brief time when the MOSFET is being switched the inductor current 

changes relatively little, meaning a near constant current is used to charge and discharge the gate 

drive.  

 

Figure 3-20: Gate-to-Source Voltage and Coupled Inductor Current of Control MOSFET 

The gate-to-source voltage of the Synchronous MOSFET is shown in Figure 3-21, along with the 

current in the coupled inductor on that side of the gate drive. Vgs is shown to be nearly constant 

during the precharge and discharge intervals. The Control MOSFET is switched when the inductor 

current is at 2A. During the brief time when the MOSFET is being switched the inductor current 

changes relatively little, meaning a near constant current is used to charge and discharge the gate 

drive.  

Compared to the Control MOSFET, the switching time of the Synchronous MOSFET is expectedly 

slower. 
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Figure 3-21: Gate-to-Source Voltage and Coupled Inductor Current of Control MOSFET 

Experimental 

A printed circuit board was built with the designed Asymmetrical Complementary Dual Channel 

Current Source Driver to verify operation and to test efficiency. The components used were the 

same as those used for efficiency calculations and for simulation and can be found in Table 2. 

A printed circuit board was built with a conventional driver to compare efficiency. The 

components used in the Buck Converter were the same, the gate drive was a TI UCC27222 chip.  

An Altera DE2 FPGA board was used to provide the PWM signals for the predrivers. The board 

had a 50MHz clock, which meant a resolution of 20ns. A time-based loop was programmed in VHDL 

to achieve the desired on and off times and switching patterns of the gate drive. 

The ACDC CSD with Buck Converter PCB is shown by Figure Figure 3-22, while the Conventional 

Driver with Buck Converter is shown by Figure 3-23.  The predriver circuitry for the ACDC CSD is 

circled in red. The gate drive for both circuits is circled in blue, while the Buck Converters are circled 
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in white. The footprint of the predriver of the ACDC CSD is noticeably large, this can be minimized if 

an IC is used. The ACDC CSD itself can also be minimized if designed as an IC. 

 

Figure 3-22: Buck Converter with ACDC CSD Gate Drive 
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Figure 3-23: Buck Converter with Conventional Gate Drive 

For both the configurations the output voltage was set to 2.75V. For the ACDC CSD the Control 

MOSFET had a precharge time of 40ns, while the Synchronous MOSFET had a precharge time of 

60ns. Coupled inductor current was 2A on the Control MOSFET side and 1.3A on the Synchronous 

MOSFET side. Given the limited resolution of the FPGA, both switches were given 20ns to switch. 

After the switch had turned off, current would circulate and coupled inductor current slowly 

decreased until the next time interval. Since the time to discharge the Control MOSFET gate was 

much lower than the time to discharge the Synchronous MOSFET gate current would circulate for 

longer on the Control MOSFET side of the gate drive. The path of circulation after discharging a 
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MOSFET is shown in Figure 3-24 for the Control MOSFET. The path of circulation after charging is 

shown in Figure 3-25 for the Control MOSFET. The circulating current path for the Synchronous 

MOSFET would follow a similar orientation. 

 

Figure 3-24: Circulating Current path for Control MOSFET after Turn OFF Interval 

 

Figure 3-25: Circulating Current path for Control MOSFET after Turn ON Interval 

 
___ 
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The gate drive performed as expected, a given precharge time lead to the expected coupled 

inductor current. Additionally, current was transferred from one side of the gate drive to the other 

effectively. 

Figure 3-26 shows the gate-to-source voltage of the Control MOSFET and the Synchronous 

MOSFET for the ACDC CSD. Unfortunately, the circuit was broken without waveforms being 

downloaded, which is why a photo is used. VGS of the Control MOSFET is the blue waveform, VGS of 

the Synchronous MOSFET is the green waveform. The scale is 1V per division. It is seen that the 

Control MOSFET achieves much faster switching transitions than the Synchronous MOSFET.  There 

is no false triggering of either switch. 

 

Figure 3-26: Gate-to-Source Voltage of Control MOSFET and Synchronous MOSFET 

 

Figure 3-27 and Figure 3-28 show the predriver waveforms for M3 and M1 respectively in the 

ACDC CSD gate drive. The predriver for M1 utilizes the level shift circuit for the p-channel MOSFET. 

The predriver for M3 utilizes the left shift circuit for the n-channel MOSFET. Both can be found in 
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3.4 Predrivers for Gate Drive MOSFETs. The signals for all MOSFETs in the gate drive were able to 

maintain high and low voltages without false switching.  

 

Figure 3-27: Gate-to-Source Voltage of ACDC CSD MOSFET M3 

 

Figure 3-28: Gate-to-Source Voltage of ACDC CSD MOSFET M1 



88 

 

Figure 3-29 is the efficiency curve for an output voltage of 2.75V of both the PCB Buck 

Converter with the ACDC CSD and with the Conventional Driver. The efficiency of the Buck 

Converter with ACDC CSD was lower than expected based on calculations and simulations. This was 

due to high losses in the gate drive. The expected losses in the gate drive were 0.25W, while the 

actual losses were 0.90W.  

The FPGA ground was not tied to the PCB ground because of the configuration of the FPGA 

board. This meant predriver signals that were not level shifted may be not drive the gates of the 

gate drive MOSFETs as desired. This was discovered during experimentation. At light load (<2.5A) 

the gate drive consumed low power (0.15W) and performed as desired. At higher loads the gate 

drive consumed 0.9W. The gate drive losses should have been the same across all loads. The reason 

this is not the case is because of the grounding issues mentioned previously. At no load, predrive 

ground and power ground were the same, however, with current flowing in the Buck Converter 

there was a varying voltage difference between the grounds. As the load increased, the max voltage 

difference between grounds increased, leading to the unintentional turning on of MOSFETs in the 

gate drive and the gate drive source being periodically shorted to the gate drive ground. 

The FPGA board itself may have been drawing power for functions that were not necessary to 

drive the printed circuit board – this was seen when the power source to the FPGA board was 

turned off and it still ran off power provided by the PCB.  

If the gate drive MOSFETs turned on or stayed on when they were supposed to be off, it is 

possible to have shoot through current from the source to ground through two low resistance 

MOSFETs. 
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Figure 3-29: Overall Efficiency of Buck Converter with ACDC CSD and with Conventional Driver at 

Different Loads 

Figure 3-30 is the efficiency curve if only the Buck Converter is considered and not the gate 

drive. The Buck Converter with the ACDC CSD achieves close to the same efficiency as the 

Conventional Driver at loads above 5A. It is thought that if the circuit was fine tuned the ACDC CSD 

could achieve a much higher efficiency based on calculations and simulations. 

 

Figure 3-30: Overall Efficiency of just Buck Converter at Different Loads with the ACDC CSD and with 
the Conventional Driver 

0 2 4 6 8 10 12
40

50

60

70

80

90

100

Overall Efficiency

Load (A)

E
ff

ic
ie

n
c
y
 (

%
)

 

 

ACDC CSD

Conventional Driver

0 2 4 6 8 10 12
40

50

60

70

80

90

100

Overall Efficiency of Buck Converter

Load (A)

E
ff

ic
ie

n
c
y
 (

%
)

 

 

ACDC CSD

Conventional Driver

0 2 4 6 8 10 12
40

50

60

70

80

90

100

Overall Efficiency

Load (A)

E
ff

ic
ie

n
c
y
 (

%
)

 

 

ACDC CSD

Conventional Driver

0 2 4 6 8 10 12
40

50

60

70

80

90

100

Overall Efficiency of Buck Converter

Load (A)

E
ff

ic
ie

n
c
y
 (

%
)

 

 

ACDC CSD

Conventional Driver



90 

 

Chapter 4 – Conclusion 

5.1 Summary 

An Asymmetric Complementary Dual Channel Resonant Gate Drive was developed for a 

Synchronous Buck Converter operating at high frequencies. The advantage of switching at higher 

frequency is mainly reduced size of magnetic components and improved transient performance. As 

discussed in Chapter 1, switching related losses – switching loss, diode conduction loss, gate drive 

loss – all increase at higher switching frequencies, and can be detrimental at frequencies above 

500kHz. For this reason, a variety of resonant gate drives have been developed, discussed in 

Chapter 1, that attempt to minimize this issue. However, the developed resonant gate drives all 

have specific disadvantages – high circulating current, high component count etc. The aim of 

developing the Asymmetric Complementary Dual Channel Current Source Drive was high efficiency 

along with low component count. By using a coupled inductor gate drive loss and switching time 

should be minimized. 

The operation of the Gate Drive was described in Chapter 2, followed by an analysis of 

circulating current and transition of current from one side of the gate drive to the other. Based on 

this analysis, two diodes were added to ensure the desired operation of the gate drive. 

The efficiency of the combination of proposed gate drive and buck converter were then 

analyzed so that an ideal coupled inductor size, turns ratio, and inductance could be selected. The 

operation and efficiency of the Asymmetric Complementary Dual Channel Current Source Drive 

were verified via simulation. The calculated efficiency of the ACDC CSD was compared to both a 

conventional driver and another relevant high efficiency resonant gate driver. The proposed driver 

should achieve an efficiency improvement of 4% at loads 10A and over versus the conventional 

driver, and 1.3% versus the other RGD.  
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Finally, two printed circuit boards were built – one utilizing the ACDC CSD, the other with an off-

the-shelf conventional driver. The operation of the ACDC CSD was verified, and the efficiency of the 

two different PCBs were compared. 

 

5.2 Contributions 

The main contributions of this thesis are summarized below: 

1. An Asymmetrical Complementary Dual Channel Current Source Driver was introduced in this 

thesis, designed for high frequency Buck Converter applications. Use of a non-unity turns 

ratio increased overall efficiency, along with enabling the desired operation of the gate 

drive. Analysis was done for a variety of relevant operating points and was compared to the 

efficiency of a Buck Converter using a conventional gate driver and a Buck Converter using 

another Current Source Driver.  

2. Due to the application of the gate drive to a Buck Converter, level shifting was necessary. A 

bootstrap method was used for the side of the gate drive pertaining to the Control MOSFET. 

Gate driver MOSFETs also required level shifting.  

3. Circulating current was analyzed in the gate drive, which was shown to be affected by the 

coupled inductor’s design. To achieve desired operation and minimize circulating current 

two diodes were introduced to the Control MOSFET side of the gate drive. The introduction 

of the diodes was found to incur low conduction loss.  

4. After analysis, the design was verified both via simulation and experimentally. A Buck 

Converter operating at 1MHz was implemented - one with a conventional gate drive, the 

other with the gate drive proposed. The gate drive proposed was able to achieve desired 

operation, and simulation results agreed with the analysis. 
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5.3 Future Scope 

In this section future work on this topology with the goal of developing a more efficient, robust 

and practical design are outlined: 

1. For the experimental part of this work an Altera DE2 FPGA board was used. In the future, it 

would make more sense to use an on-board FPGA chip. By doing so: 

• Only essential functions would be performed 

• The FPGA ground would be the same as the printed circuit board ground 

• Predrive signals would have much better transmission, as opposed to travelling 

across jumper wires, which is especially important at high frequencies 

• Depending on the chip used higher resolution of output signals could be achieved 

2. The design should be tested at a variety of loads and output voltages. The converter could 

also be redesigned for higher switching frequencies, such as 2MHz where its use may be 

even more advantageous versus other gate drives. 

3. A control method should be implemented and the gate drive and buck converter’s transient 

performance should be tested. Part of the advantage to operating a converter at higher 

frequencies is better transient performance. 

4. Implementing the gate drive for a multiphase Buck Converter would make sense since they 

are commonly used in industry. While a multiphase design limits conduction loss it does not 

limit frequency related losses, which can be improved with gate drive design. 
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Appendices 

Appendix A – Circulating Current Calculations 

A 2 : 3 turns ratio was chosen for the gate drive, with 2 turns for the Control MOSFET side and 3 

turns for the Synchronous MOSFET side. The ratio was chosen to optimize efficiency of the gate 

drive, in part by minimizing circulating current. The following table analyze desired rate of change in 

i1 and i2 when the Control MOSFET is turning on and off. 

Table 4: 2/3 Turns Ratio, Control MOSFET Turn ON/OFF, No D1 or D2 

Interval v1 v2 di1/dt 
Actual 

di1/dt 
Desired 

di2/dt 
Actual 

di2/dt 
Desired 

Precharge – 

Control 
MOSFET 

-(Vcc + VF) -Vcc 0.022*109 0 -0.08*109 -0.05*109 

Start of 

Turn Off – 
Control 

MOSFET 

-(Vcc + VF) -Vcc 0.022*109 0 -0.08*109 0 

End of Turn 
OFF – 

Control 
MOSFET 

0 0 0 0 0 0 

Start of 

Turn ON – 
Control 

MOSFET 

VF Vcc -1.39*109 0 0.23*109 0 

End of Turn 
ON – 

Control 
MOSFET 

0 

 
0 0 0 0 0 

Discharge – 

Control 
MOSFET 

-(Vcc + VF) -Vcc 0.022*109 0 -0.08*109 -0.05*109 
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Table 5: 2/3 Turns Ratio, Control MOSFET Turn ON/OFF, with D1 and D2 

Interval v1 v2 di1/dt 
Actual 

di1/dt 
Desired 

di2/dt 
Actual 

di2/dt 
Desired 

Precharge – 
Control 
MOSFET 

-Vcc M*di1/dt -0.022*109 -0.022*109 0 0 

Start of 
Turn Off – 
Control 

MOSFET 

-Vcc M*di1/dt -0.022*109 0 0 0 

End of Turn 
OFF – 

Control 
MOSFET 

0 0 0 0 0 0 

Start of 

Turn ON – 
Control 

MOSFET 

Vcc VF 0.092*109 0 -0.12*109 0 

End of Turn 
ON – 

Control 
MOSFET 

0 0 0 0 0 0 

Discharge – 

Control 
MOSFET 

-Vcc M*di1/dt -0.022*109 -0.022*109 0 0 
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Appendix B – Buck Inductor Core Loss vs. Bp-p 

 


