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Abstract
With the increased cloud computing and digital information storage, the energy requirement of data centers where a large number of computer systems are housed keeps increasing. However, most of the data centers today are operated inefficiently, both economically and environmentally. Efforts including improving power delivery architecture, power conversion efficiency and thermal management have been made to increase the power delivery efficiency from grid to point of load. 
In this proposal, a new power delivery architecture, high voltage point of load (HV POL) architecture, has been proposed in order to improve power conversion and distribution efficiency for data center power supplies. 
First, the conversion structure has been selected as input series and output parallel (ISOP) to fulfill the high ratio (400: 1) conversion and mitigate the step down stress of a single converter. Also, with multiple output phases, interleaving control technique can be applied to increase equivalent switching frequency and allows smaller output inductor.
Then, two different types of converter topologies have been chosen for evaluation in the ISOP structure:  phase shift full bridge converter and half bridge current doubler converter. High efficiency driven converter design and control method have been performed on both topologies. In phase shift full bridge converter design, the output junction capacitance of primary side devices’ impact on converter’s efficiency has been studied. For half bridge current doubler converter, a novel control method enabling soft switching over the entire load range with simple auxiliary circuit and no increased voltage nor current stress has been proposed, and the detailed operation modes have been analyzed.
A six phase ISOP connected half bridge current doubler converter was built and tested to realize the single stage 400 V to 1 V conversion. Adaptive voltage positioning (AVP) control is analyzed and performed on the ISOP system to meet the on-board power supply requirement. Also, the impact of mismatches in the ISOP connected modules are calculated and simulated for both static and dynamic performance, and it is shown that the ISOP system is relatively immune to circuit’s mismatches. Therefore, the concept of using the single stage ISOP connected converter has been shown to be feasible as a high efficiency on-board power supply with good transient performance. 
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2. [bookmark: _Toc440547832]Introduction
2.1. [bookmark: _Toc440547833]Challenge of power supplies in data centers
The number and performance of microprocessors keeps increasing in computer systems which requires more transistors to be integrated in the microprocessors. The increase of transistors is expected to follow Moore’s law [1], which predicted that the number of components used in the integrated circuit will be doubled every two years. Figure 1.1 shows the number of transistors used in Intel’s microprocessors [1], indicating the rapid growth of transistor number.
[image: http://www.overclock.net/image/id/10100141]
[bookmark: _Ref440459110][bookmark: _Toc418020774][bookmark: _Toc418020904][bookmark: _Toc418020930][bookmark: _Toc418021731][bookmark: _Toc418021942][bookmark: _Toc418022998][bookmark: _Toc418023396][bookmark: _Toc440547944]Figure 1.1. Number of transistors on Intel’s microprocessors [1].
The fast increasing number of components in microprocessors challenges power supplies used in them. The power requirement is roughly proportional to the clock’s frequency (f), the total lumped capacitances of the transistors (C), and the square of the core voltage (Vcc) [2][3], as indicated in (1-1), where AV is the activity factor [4] which indicates the actual frequency with respect to the clock’s frequency. 
                                                         (1-1)
The clock frequency keeps increasing in order to get a higher operation frequency. The total lumped capacitance is also growing larger with increased component counts. Therefore, the power required by the central processing unit (CPU) keeps increasing. All the power consumed by the CPU eventually turns into heat, which challenges the thermal management of the CPU as well.  
Several methods have been proposed to reduce power consumption by the CPU. One is to reduce the core voltage Vcc. As indicated in (1-1), the power consumption reduces greatly with reduced Vcc. Figure 1.2 shows the core voltage and corresponding current, which clearly shows that core voltage is reducing over time [5][6]. However, with reduced core voltage, the current demand is increasing dramatically. 
[image: ]
[bookmark: _Toc418020905][bookmark: _Toc418020931][bookmark: _Toc418021732][bookmark: _Toc418021943][bookmark: _Toc418022999][bookmark: _Toc418023397][bookmark: _Toc440547945]Figure 1.2. Roadmap of Intel microprocessors [5].
2.2. [bookmark: _Toc440547834] High efficiency power supplies
Based on earlier discussion, the current demand of microprocessors continues to increase, it also challenges the thermal management of the power system, especially for data centers, where several high performance CPUs are installed closely together [6]. Figure 1.3 shows the cost of new installed data centers and the cost for power and cooling systems for existing data centers. It indicates that the spending on power and cooling is increasing faster than the new server spending, which is the result of the increased current and thermal requirement. Therefore, designing high efficiency power supplies is important to reduce cost.  
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[bookmark: _Ref440459348][bookmark: _Toc418021733][bookmark: _Toc418021944][bookmark: _Toc418023000][bookmark: _Toc418023398][bookmark: _Toc440547946]Figure 1.3. Data center installed based and spending [7].
Figure 1.4 is the path of power flow in data centers [8][9]. Out of 285 W to 405 W input power, only 100 W is usable to the microprocessors, with the remainder lost during the power delivery process, such as with power supply unit (PSU), voltage regulator (VR), and also the fans and cooling system. The overall power delivery efficiency is roughly 50 % [9]. 
[image: ]
[bookmark: _Toc418021734][bookmark: _Toc418021945][bookmark: _Toc418023001][bookmark: _Toc418023399][bookmark: _Toc440547947]Figure 1.4. Power delivery for data centers [9].
 In 2013, the electricity usage by data centers in the United States was 91 billion kilowatt-hours (kWh), which is enough to power twice the households in New York City, and the usage is estimated to reach 140 billion kWh by the year 2020 [11], which is equivalent of $13 billion dollar electricity bill and over 100 million tons of carbon pollution [11].  
Because of the low power delivery efficiency, an efficiency improvement by 10 % points, electricity cost savings of $1 billion dollar per year, and the pollution would be cut as well. Therefore, the efficiency improvement of power delivery in data centers has both economic and environmental significance.
2.3. [bookmark: _Toc440547835] Motivation and strategy 
Efficiency requirements for data center power supplies have been proposed by different information technology (IT) companies, such as Google [12], IBM [13], and Intel [14], with targeted efficiency above 85 %. Great efforts have been made to improve the efficiency of power supplies and reach the target.  
2.3.1. [bookmark: _Toc440547836]Innovation of power supplies architecture
Figure 1.5 shows the conventional AC architecture, including a two-stage uninterruptable power supply (UPS) and a power delivery unit (PDU) which provides 208 V AC voltage to the rack. Inside the rack, another two-stage conversion in power supply unit (PSU) converts the 208 V AC to 12 V DC and feeds voltage regulators (VR) which further steps down the 12 V into 5 V, 3.3 V or 1 V depending on the load condition [8]. It is clear that the conventional AC architecture contains many power conversion stages, which leads to a low overall efficiency. Therefore, removing unnecessary power conversion stages is one method to improve the system efficiency.
[image: ]
[bookmark: _Ref440459921][bookmark: _Toc418021735][bookmark: _Toc418021946][bookmark: _Toc418023002][bookmark: _Toc418023400][bookmark: _Toc440547948]Figure 1.5. Conventional 208 V AC power delivery architecture [8].
Facility voltage DC architecture (shown in Figure 1.6) is proposed for better efficiency as the DC/AC conversion stage is removed from the UPS and the AC/DC stage is removed from the PSU. At first, 48 V DC distribution voltage was used. However, as discussed earlier, the current demand is large and keeps increasing, with 48 V distribution voltage, the distribution current limits the power rating for large data centers [8]. In order to increase power capability, a higher distribution voltage is used in data center. At this time, 350 V - 400 V distribution voltage is used for the high voltage DC (HVDC) architecture [8]. 
[image: ]
[bookmark: _Toc418021736][bookmark: _Toc418021947][bookmark: _Toc418023003][bookmark: _Toc418023401][bookmark: _Toc440547949]Figure 1.6. High voltage DC power deliver architecture [8].
2.3.2. [bookmark: _Toc440547837]Improved power converter efficiency
Besides implementation of less power conversion stages architecture, another method to improve system efficiency is to use high efficiency power converters within HVDC architectures.
(1) AC/DC stage in UPS
Different topologies can be used as the three phase rectifier, such as two voltage source rectifier, Z-source rectifier [15], current source rectifier [16][17], and Delta rectifier [18]. Wide band gap (WBG) devices are also implemented to further improve the efficiency [16][17]. Commercial product efficiency of front end rectifier is 97 % 0. University prototypes can reach higher efficiency, up to 99 % [16][17].
(2) DC/DC stage in PSU
Isolated DC/DC converter is used in PSU inside the rack. Mostly, resonant LLC converter [20], or pulse-width modulated converter [21] can be used as the DC/DC converter. The efficiency is up to 95 % with commercial products [22] and up to 96.5 % with research prototypes [23]. 
(3) Voltage regulator
Synchronous buck converter is usually used as the voltage regulator (VR). Because of transient requirement, multi-phase buck converter with interleaved gate signal is used. Commercial product’s efficiency is around 88 % at 15 A output current and 600 kHz switching frequency 0 and around 86.5 % at 15 A output current and 1 MHz switching frequency [25].
As the efficiency of each stage in the HVDC architecture was discussed, it clearly shows that most of the loss during power delivery is within the PSU and VR. Therefore, in this proposal, rack level delivery is being studied.
2.4. [bookmark: _Toc440547838] Dissertation outline
According to the discussed strategy discussed above, the outline of this proposal is as follows: 
Chapter 2 is the literature review of current power delivery architecture and converter topologies used within data center architectures. Also, soft switching and input series and output paralleled converter control techniques are discussed.
Chapter 3 further studies the widely used intermediate bus architecture (IBA) with different bus voltage. Also, a high voltage point of load (HV POL) has been proposed, and a comparison between HV POL and IBA has been made.
Chapter 4 provides the design of a phase shift full bridge converter which is used in HV POL targeting high efficiency. The impact of output junction capacitance has been studied thoroughly.  
Chapter 5 discusses a half bridge current doubler circuit which is another converter topology used in HV POL. A soft switching technique has been proposed with simple auxiliary components. 
Chapter 6 provides how to implement the proposed method to meet the adaptive voltage positioning requirement.
Chapter 7 summarizes the work that has been done in this dissertation and the significance of the work. Possible future work is also described. 








2. [bookmark: _Toc440547839]Literature Review
This chapter provides a literature review of the state-of-art power converters in data center power supplies. First, different power supply architectures are summarized. Then, efficiency improvement of the isolated DC/DC converter which can be used in power supplies is categorized, including device selection and soft switching technique over a wide range. At last, the control methods in order to ensure input voltage and output current sharing are summarized. 
2.1 [bookmark: _Toc440547840]Data center power supply architecture
2.1.1 [bookmark: _Toc440547841]Intermediate bus architecture
Intermediate bus architecture (IBA) [8] is a widely used architecture at this time as shown in Figure 2.1 where 1.x V is between 1.0 V and 1.9 V based on load requirement, which includes two power conversion stages: intermediate bus converter (IBC) and a point of load (POL) converter. IBC is usually a resonant converter and requires no regulation and performs as a DC voltage transformer (Figure 2.2) [26][27][28]. POL is usually a multiphase synchronous buck converter which further steps down the bus voltage from unregulated 12 V to the required voltage with regulation (Figure 2.3) [29][30]. Interleaving control is applied to the multiphase buck converter with several advantages: 1) reduce both input and output current ripple; 2) faster transient response because a smaller inductor can be used; and 3) distribute power and heat evenly [6]. 


[bookmark: _Ref440460476][bookmark: _Toc418023004][bookmark: _Toc418023402][bookmark: _Toc440547950]Figure 2.1. Intermediate bus architecture for data center power supplies.
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[bookmark: _Ref440460537][bookmark: _Toc418023005][bookmark: _Toc418023403][bookmark: _Toc440547951]Figure 2.2. LLC resonant converter.


[bookmark: _Ref440460677][bookmark: _Toc440547952]Figure 2.3. Synchronous buck converter.
Based on IBA, some alternative architectures are proposed in order to increase efficiency, most in the POL stage.
(1) Two-stage POL 
To improve the efficiency of POL with 12 V input voltage, a two-stage POL is proposed as shown in Figure 2.4 [4][6][31]. The first stage steps down the 12 V bus voltage from IBC to a lower bus voltage, where a synchronous buck converter is implemented. The second stage further steps down the 5 V bus voltage to the required voltage. For this stage, a multiphase buck converter, similar to conventional POL with lower voltage rating devices, can be implemented. Also, a switch capacitor converter, shown in Figure 2.6 is also proposed as the second stage in the two stage architecture [6]. To improve light load efficiency, the bus voltage between first and second stage is varied based on load condition. When load is light, the bus voltage is also low (3 V), and as the load increases, the bus voltage is between 3 V to 6 V.  


[bookmark: _Ref440460836][bookmark: _Toc418023405][bookmark: _Toc440547953]Figure 2.4. Two stage buck architecture.


[bookmark: _Toc418023406][bookmark: _Toc440547954]Figure 2.5. Buck converter as first stage in two stage POL in Figure 2.4.


[bookmark: _Toc418023407][bookmark: _Toc440547955]Figure 2.6. Multi-phase buck as second stage in two stage POL in Figure 2.4.


[bookmark: _Toc440547956]Figure 2.7. Switch capacitor as second stage in two stage POL in Figure 2.4.
(2) Sigma connected POL converter
Another alternative architecture within IBA of POL is Sigma connected POL as shown in Figure 2.8 [6]. Instead of parallel connected multiphase phase buck converter, Sigma architecture is implemented with one resonant converter (DCX) and a buck converter with input series connection. DCX handles power transfer while buck converter fulfills voltage regulation of the POL. 
The efficiency of Sigma architecture can be calculated as (2-1). 
                                    (2-1)


[bookmark: _Toc440547957]Figure 2.8. Sigma connected POL converter.
2.1.2 [bookmark: _Toc440547842]Factorized power architecture 
Vicor proposed factorized power architecture (PFA) composed with bus converter module (BCM), pre-regulated module (PRM) and voltage transformation module (VTM) as shown in Figure 2.9 [22]. PRM is buck-boost type converter which can be soft switched over the entire operational range. VTM performs as the DC voltage transformer and requires no regulation capability. The overall efficiency is around 84 %. Since the VTM has no regulation capability, therefore, the transient performance dependents on PRM and is more complex than IBA.


[bookmark: _Toc440547958]Figure 2.9. FPA architecture.
2.2 [bookmark: _Toc440547843]High efficiency isolated DC/DC converter
Losses in the isolated DC/DC converter include: devices loss and passive components losses. First, device selection criteria have been reviewed based on losses. Next, to reduce switching loss, a soft switching technique has been used. Different soft switching methods are reviewed in next part. 
2.2.1 [bookmark: _Toc440547844]Device selection
(1)  Hard switching figure of merit (FOM)
Semiconductor losses in converter include three parts: conduction loss (Pcond), switching loss (Psw), and gate driving loss (Pgate), all of which can be expressed as the following equations.
                                                            (2-2)
                          (2-3)
                                                              (2-4)
where Rds(on) is the on-state resistance of MOSFET, Irms is the root mean-square current in MOSFET, Idon and Idoff  are the current value at turn on and turn off transient, Vds is the voltage when MOSFET is off, tir and tvf  are current rising and voltage falling during turn on transient,   tif and tvr  are current falling and voltage rising during turn on transient, Vgate is the turn on gate voltage, Qg is the gate charge of the MOSFET, and fs is the switching frequency of the MOSFETs.
Turn on transient without considering parasitics in devices and the circuit is plotted in Figure 2.10[32][33]. Based on [32], the charging and discharging of the gate to drain capacitance (Cgd  in Figure 2.11) is the dominant switching loss during each switching period, which means  during turn on and  during turn off. Therefore, the switching loss of a power device can be simplified into (2-5).
                      (2-5)
where and  are specific on-state resistance and specific gate to drain charge, tv is the sum of voltage rise time and voltage fall time in turn off and turn on transient, and A is the effective area of MOSFET.
Based on [32], in order to get minimum loss,  is desired. Therefore, the figure of merit (FOM) can be expressed in (2-6).
                                          (2-6)
In first quadrant, the square root function is monotonic; therefore, figure of merit in (2-7) is used to compare devices. 
                                                          (2-7)


[bookmark: _Ref440461756][bookmark: _Toc440547959]Figure 2.10. Voltage, current and gate charge during turn on transient.


[bookmark: _Ref440461785][bookmark: _Toc440547960]Figure 2.11. Equivalent MOSFET model with junction capacitances.
(2) Soft switching FOM
With soft switching technique, switching loss can be minimized in devices loss, therefore, the FOM derived in (2-7) is not accurate for device selection anymore. In ZVS switching, the output charge (Qoss) in the MOSFET can be recovered and not dissipated as switching loss. However, Qoss directly impacts the energy required to achieve soft switching. Based on this, soft switching figure of merit (FOM) has also been developed to select device in soft switching converters [34] as in (2-8).
                                                          (2-8)
With hard and soft switching figure of merit defined, they can be used to evaluate devices in a power converter targeting low losses.
2.2.2 [bookmark: _Toc440547845]Soft switching techniques of PWM converters 
As discussed earlier, switching loss is one of the major losses in power semiconductor devices, and it increases linearly with switching frequency and becomes more significant under lighter load. For PWM converters, phase shift and asymmetrical control is widely used in order to archive zero voltage switching (ZVS), however, these methods depend on energy stored within leakage inductance to archive ZVS. Therefore, ZVS is lost as the load gets lighter. Also, increased leakage inductance leads to larger duty cycle loss which limits high frequency operation. Therefore, a number of methods have been proposed in order to achieve ZVS for a wider range without depending on leakage inductance. 
Figure 2.12 is the synchronous buck converter with junction capacitances (C1 and C2) of both devices (Q1 and Q2). Based on buck converter’s operation, after the channel of                                                                                                                                                                                                                            Q1 is turned off, the body diode of Q2 starts to conduct the inductor current (iL) which is in the direction from source to drain of Q2. Therefore, Q2 is turned on with zero voltage transition.  


[bookmark: _Ref440462448][bookmark: _Toc440547961]Figure 2.12. Synchronous buck converter with current direction of switches and inductor.
Similarly, in order to achieve soft switching of Q1, before turn on of Q1, the current of iL direction at switch node (SN) should be the opposite of arrowed direction shown in Figure 2.12. As it is from load to source, it is called negative inductor current in the following section of this dissertation. Therefore, all the soft switching methods are implemented to generate negative inductor current before turning on Q1.
A variaty of soft switching methods have been proposed. Many of them are used in buck or buck derived circuits, which is the topology used in this report. These methods have been seperated into two types, first one is no active components assist method and the second one is the active switches assist method.  
One straightforward method to have negative inductor current is to reduce output inductance so that large current ripple will lead to a negative inductor current at the end of the freewheeling period [20][35][36], which is called quasi-square waveform (QSW) [20][35] as in Figure 2.13. Another benefit of QSW is that the two SR devices are turned off with channel conducting instead of body diode; therefore, the body diode reverse recovery is eliminated. 


[bookmark: _Ref440462550][bookmark: _Toc440547962]Figure 2.13. Half bridge current doubler converter.
The first drawback of QSW is that reduced output inductance will lead to an increased current ripple which will further lead to an increased RMS current and conduction loss in devices and transformer and an increased turn off loss for both primary and secondary side switches. Therefore, the QSW method has a tradeoff between conduction loss and primary side devices’ switching loss. The other drawback is that the output inductance is designed to allow negative current under full load, therefore, as load current reduces, the negative current peak will increase. As the SR devices is turning off with negative peak current, the turn off loss increases as load current reduces, which reduces the converter’s efficiency.
In order to solve the increased turn off loss of Q2, in [24], a clamping circuit is placed in parallel with the output inductor so the current is clamped at a desired value instead of keep increasing until Q1 is turned on. In [37], an emulated diode rectification of synchronous rectifier is implemented, but it requires a zero current crossing detection to turn off the SR MOSFET, which increases the complexity of the circuit. 
In order to solve the increased core loss of output inductor in QSW, other methods have been proposed with auxiliary components. Figure 2.14 shows the circuitry of two phase interleaved buck converter with one auxiliary inductor to assist soft switching [38][39][40]. In [38], non-synchronous buck converter (diodes are used as Q12 and Q22), while the method proposed in [39] is working with synchronous buck converter when duty cycle is greater than 0.5. In [40], similar method has been applied to an input series and output paralleled phase shift full bridge converter. The main idea is that when Q11 or Q12 is on while the other one is off, the auxiliary inductor will be charged and discharged based on voltage direction. Therefore, the current value before Q11 and Q12 turns on is. To have the auxiliary inductor current greater than the output inductor current, the current at switch node will be in the opposite direction. The apparent drawback of this method is the auxiliary inductor loss as the auxiliary inductor is conducting continuously regardless of loading condition.


[bookmark: _Ref440462939][bookmark: _Toc440547963]Figure 2.14. Inductor assist soft switching two phase buck converter [38][39].
Another way to realize ZVS is implementing a coupled inductor as shown in Figure 2.15 [40]-[44]. Soft turn on of the two switches (Q1 and Q2) can be achieved with an auxiliary circuit branch containing an additional winding of the output inductor (L2), a smaller inductor (LR), and a diode (Da) in Figure 2.15. The basic idea is to provide anther power flow channel in addition to the output inductor so that the current through LR will be negative before the turn on of S1 as in Figure 2.16. Similar to previous methods, the magnitude of the negative current peak (imin) keeps increasing as the load decreases; therefore, turn off loss of S2 increases as load reduces. Also, the constant additional power loss in auxiliary branch limits the light load efficiency of the converter. In [44], this constant auxiliary loss is solved by reducing the resonant inductor so that the current in LR will be discontinuous as Da blocks any negative current. However, this method changes the zero voltage turn on of S1 to zero current turn on, which means the energy stored in the output junction of capacitance of S1 will be lost in the channel instead of being recovered. 


[bookmark: _Ref440463227][bookmark: _Toc440547964]Figure 2.15. ZVS buck converter with coupled inductor [41].


[bookmark: _Ref440463463][bookmark: _Toc440547965]Figure 2.16. Waveforms of i1 and iR [41].
In [45]-[49], soft switching of main switch in a buck converter has been proposed with an auxiliary MOSFET, diode and inductor in parallel with output inductor as in Figure 2.17. In [45], this method is applied for a diode rectification buck converter which limits the duty cycle of the converter to be less than 0.5. In [46][47], by applying synchronous rectification, the duty cycle can be greater than 0.5, yet the operating principle is the same. Before the turn off of synchronous device S2, the auxiliary switch Sa is turned on. Current in arrow direction will start to build up across the auxiliary inductor. As the inductor current across the output inductor L cannot change immediately, the current flowing through S2, Is2, starts to reduce while the current Isa starts to increase. Based on KCL, the sum of Is2 and Isa equals to IO. The charging Isa will continue until the current Is2 becomes negative. When S2 is turned off with current flowing though drain to source, the body diode conduction is prevented. Therefore, during the dead-time between S2 turn off and S1 turn on, resonance happens between the auxiliary inductor La and the snubber capacitor Cs. With enough energy stored in La, Cs can be fully discharged before the turn on of S1. Therefore, soft switching turn on of S1 can be achieved. The snubber capacitor is placed in parallel with main switch S1 so that zero voltage turn off can be achieved for S1 and S2. The constant auxiliary circuit loss would also limit the light load efficiency of this method.


[bookmark: _Ref440467547][bookmark: _Toc440547966]Figure 2.17 ZVT buck converter proposed in [46].


[bookmark: _Toc440547967]Figure 2.18. Theoretical waveforms of ZVT converter [46].
Besides turn on loss, different methods of turn off loss reduction method have been proposed as well. A snubber capacitor is placed in parallel with either top switch or rectifier switch as Cs shown in Figure 2.17. During the turn off transient of S1, the current flowing through S1 is charging Cs, therefore, the voltage to be hard switched is VQ1,HS in Figure 2.19. The amount of required capacitance depends on the hard voltage VQ1,HS and peak inductor current. The larger the current or the lower the hard switch voltage, the larger the snubber capacitor needs to be. However, larger snubber capacitance limits high frequency operation and also increases the capacitance loss during the turn on process.  


[bookmark: _Ref440467583][bookmark: _Toc440547968]Figure 2.19. Turn off waveforms with snubber capacitor.
Because of this limitation, other zero current turn off have been proposed. In [50], a quasi- resonant method with a LC resonant circuit has been proposed as in Figure 2.19 with the operation waveforms shown in Figure 2.20. When LC is selected, the resonant frequency is also fixed; therefore, quasi resonant converter is controlled with constant on time. In order to control duty cycle, the frequency is changed, so this is a frequency regulated converter.


[bookmark: _Ref440467727][bookmark: _Ref440467723][bookmark: _Toc440547969]Figure 2.20. Quasi-resonant ZCS converter.


[bookmark: _Toc440547970]Figure 2.21. Operational waveforms of quasi-resonant converter. 
Frequency resonant converter complicates the output filter design, therefore, pulse width modulated converter with ZCS has been proposed [51][52] as shown in Figure 2.22 and the operational waveforms in Figure 2.23. By adding a MOSFET in series with resonant capacitor CR, the resonance time can be controlled. 


[bookmark: _Ref440478220][bookmark: _Toc440547971]Figure 2.22. ZCS converter with pulse width modulation capability.


[bookmark: _Ref440478232][bookmark: _Toc440547972]Figure 2.23. Operational waveforms of PWM ZCS converter.
However, the ZCS methods all require higher voltage rating SR devices and a higher resonant current, which will undermine the efficiency improvement by eliminating the turn off losses of the top MOSFET. 
2.3 [bookmark: _Toc440547846]Control of input series and output parallel (ISOP) connected converter
For high input voltage low output voltage application, input series and output parallel connected converter has several advantages compared with single converter [53]: 1) Step down ratio is greatly reduced which leads to simpler converter design. 2) Lower switching frequency can be used compared with a single converter by interleaved gating signal. 3) Higher efficiency as a result of using low voltage rating devices can be used. 


[bookmark: _Ref440478399][bookmark: _Toc440547973]Figure 2.24. ISOP connected converters.
For input series and output paralleled converter as shown in Figure 2.24, one issue is to ensure input voltage and output current sharing and prevent converters from runaway (which means one phase takes the entire input voltage and output current). A number of methods have been proposed to achieve even sharing of input voltage and output current among converters. The method can be divided into two categories: active control and common duty cycle control.
2.3.1 [bookmark: _Toc440547847]Common duty cycle control
Common duty cycle control is one of the simplest and most straightforward control technique in input-output connection converters, where all the converters are fed with the same duty cycle, and only time shift the gate signal for each individual converter (shown in Figure 2.25) [53]-[59]. The ramp signal (Vramp) is phase shift between one and another, therefore, the gate signal for each converter is also phase shifted and interleaved. Table 2.1 shows the stability of input-output connected converters with common duty cycle control with different transformer turns ratio [58] where the transformer turns ratio is n:1. For input series and output parallel connected converter, even with circuitry mismatch, such as transformer turns ratio difference, the common duty cycle control can prevent circuit from runaway where one converter in the ISOP system carrying the entire input voltage and output current, which is called self-correcting mechanism [58]. For example, in ISOP connected converter, the output voltage has to be equal. When the duty cycle is also the same, which means the average rectifier voltage is also the same. Converter with higher turns ratio will withstand higher input voltage automatically. Assuming ISOP connected converters’ efficiency is comparable with each other, converter with higher turns ratio will conduct higher output current as well. 
[bookmark: _Toc440548550]Table 2.1. Suitability of common ratio cycle scheme [58]. 
	Mode
	Stability
	Output current
	Output voltage
	Input current
	Input voltage

	IPOP
	Unstable
	Converter with ‘n’ lower carries entire load current
	Equal due to parallel connection
	Converter with lower ‘n’ carries entire current
	Equal due to parallel connection

	IPOS
	Stable
	Equal due to series connection
	Converter with lower ‘n’ carries slightly higher voltage
	Converter with lower ‘n’ carries slightly higher current
	Equal due to parallel connection

	ISOP
	Stable 
	Converter with lower ‘n’ carries slightly lower current
	Equal due to parallel connection
	Equal due to series connection
	Converter with lower ‘n’ carries slightly lower voltage

	ISOS
	Unstable
	Equal due to series connection
	Converter with higher ‘n’ carries entire voltage
	Equal due to series connection
	Converter with higher ‘n’ carries entire voltage





[bookmark: _Ref440478528][bookmark: _Toc440547974]Figure 2.25. Common duty cycle control.
However, when mismatches (like transformer turns ratio, device turn on time, parasitic inductances and etc.) exist in the circuit, even sharing of input voltage and output current is lost. Converter with higher turns ratio carries slightly lower input voltage and output current [53][57][58]. Other studies also show that with common duty cycle control, runaway can be eliminated for both steady state and transient with mismatch of both transformer turns ratio and leakage inductance [53]. The magnitude of difference in input voltage and output current sharing relies on how well matched each module is.  
2.3.2 [bookmark: _Toc440547848]Active control 
In order to make sure each module has even input voltage sharing (IVS) and output current sharing (OCS) with mismatch presented in the circuit, active control is required. Different methods of active IVS and OCS have been proposed. 
One of the most widely used active sharing methods contains an input voltage feed-forward loop [60][61][62][63] in addition to converter outer voltage and inner current loop. In [60], the input voltage is added to the reference voltage of the converter’s output voltage and due to the positive output voltage gradient characteristic, IVS can be obtained. In [61], a common duty cycle is generated with the outer voltage feedback loop, and the duty cycle is further modified with input voltage sharing regulating (IVSR) loop for the first m-1 modules, and the mth module is modified with the entire error signals from the other modules. Similarly, in [62], within the inner current loop, a common current reference is generated with the common outer voltage loop and adjusted with the input voltage sharing loop. In [63], a charge control technique used in addition with input voltage feedforward loop. 
However, even though those methods can achieve an accurate input voltage and output current sharing among modules in an ISOP converter, they all required a complicated and dedicated input voltage sharing control loop, which increases circuit control complexity and reduces reliability.
2.4 [bookmark: _Toc440547849]Summary 
In this chapter, a literature review on power supplies used in data centers at the rack level has been provided, including two of the most widely used architectures, IBA and FPA and some alternatives under IBA. The advantages and disadvantages of each architecture have been discussed as well.
Next, several high efficiency isolated DC/DC converters are reviewed because they are essential parts of power delivery, including device selection criteria and soft switching technique. Figure of merit of devices allows a simple yet effective way to select a device with possible low combination of losses (conduction and switching losses). Switching losses is one of the major contributions of device losses in pulse width modulation (PWM) converters; the advantages and disadvantages of several techniques have been discussed.
The last part in this chapter is the control method for input series and output parallel (ISOP) connected converter to ensure even sharing of input voltage and output current. Two major methods have been categorized here: common duty cycle and active sharing method with pros and cons provided.













3. [bookmark: _Toc440547850]Alternative Power Supplies Architecture Design
Different types of power conversion architectures in power supplies have been discussed in the previous chapter. Besides power conversion, power distribution loss cannot be ignored because of the continually increasing load current requirement in servers, which in turn makes the  loss continue to increase.
In this chapter, alternative power supply architectures with potential to improve efficiency are investigated. First, on-board distribution voltage’s impact on efficiency has been studied where 400 V on-board distribution voltage is proposed to reduce distribution losses greatly.
Then, different bus voltages between IBC and POL in IBA have been investigated in order to determine how much efficiency gain can be obtained by varying the bus voltage with the IBA architecture.
At last, a single stage high voltage point of load (HV POL) architecture which converts 400 V to 1 V directly has been proposed to achieve high efficiency. Converter topologies have been selected for HV POL, and a detailed comparison between HV POL and IBA is performed.
3.1 [bookmark: _Toc440547851]400 V on-board distribution voltage architecture
Based on the discussion in Chapter 1, the core voltage continues to decrease as the CPU core loss is proportional to the core voltage square [2][3]. With the low voltage and high current demands from the processor, on-board distribution losses () cannot be ignored with 12 V distribution voltage which is widely used in IBA [64]. 
A simple case study has been performed to indicate the considerable distribution losses under low distribution voltage. A 12 V distribution voltage that handles 1600 W power from multiple CPUs is studied as in Figure 3.1 and Figure 3.2.  The size of the motherboard is selected as 0.305 m  0.244 m, which is the standard Advanced Technology eXtended (ATX) size developed by Intel [65].


[bookmark: _Ref439853572][bookmark: _Toc440547975]Figure 3.1. 12 V distribution voltage.


[bookmark: _Ref439853577][bookmark: _Toc440547976]Figure 3.2. 400 V distribution voltage.
Table 3.1 shows the distribution loss with different combinations of copper thickness and width, which indicates that the distribution loss cannot be ignored. Even though distribution loss can easily be reduced by using thicker or wider copper, this will increase the cost the system.
[bookmark: _Ref439853636][bookmark: _Toc440548551]Table 3.1. Loss for 12 Vdc distribution on motherboard for 1600 W load.
	Width
Thickness

	700 mils 
	1 inches
	2 inches

	0.5 oz
	477.7 W
	334.4 W
	167.2 W

	1 oz
	238.9 W
	167.2W
	83.6 W


As distribution losses are inversely related to the distribution voltage, increasing the distribution voltage helps to reduce the distribution losses without additional copper. By increasing the distribution voltage from 12 V to 400 V, the distribution loss can reduce greatly as shown in Table 3.2 compared with losses listed in Table 3.1. 
[bookmark: _Ref439853654][bookmark: _Toc440548552]Table 3.2. Loss for 400 Vdc distribution.
	Width
Thickness

	700 mils
	1 inches
	2 inches

	0.5 oz
	0.43 W
	0.3 W
	0.15 W

	1 oz
	0.21 W
	0.15 W
	0.075 W


To be fair, the drawback of high voltage on-board distribution voltage is reliability and safety required by the system, which needs a more thorough design [64].
The following discussion is all based on 400 V on-board distribution voltage, and distribution loss is reasonably ignored (less than 0.03 % of the load power) from the system’s efficiency calculation.
3.2 [bookmark: _Toc440547852]Bus voltage optimization of intermediate bus architecture 
As intermediate bus architecture (IBA) is the most widely used architecture at this time, a study has been performed on IBA when the bus voltage is treated as one variable. Figure 3.3 shows the structure of intermediate bus architecture (IBA) where the two stages are connected in series. For most current intermediate bus architectures (IBA), 12 V is selected as intermediate bus voltage because fans in servers usually is powered by 12 V, therefore, no further conversion is required for the fans. However, for all other loads in servers, a voltage regulator (VR) is required to further step down 12 V to a lower voltage (5 V, 3.3 V or 1 V), which is usually fulfilled by multi-phase synchronous buck converters. 
In this section, only 1 V output voltage is considered. The overall efficiency from 400 V to 1 V is the combination of the two stages efficiency as shown in (3-1), where  is the overall efficiency,  is the IBC’s efficiency and  is the POL’s efficiency. A selection of intermediate bus voltage is performed to achieve high overall system’s efficiency as increasing the bus voltage favors IBC bus worsens POL and vice versa.  The bus converter is rated at 300 W which will be connected to power two POL converters each rated at 150 W.
                                                             (3-1)
[image: ]
[bookmark: _Ref439853763][bookmark: _Toc440547977]Figure 3.3. Intermediate bus architecture (IBA).
3.2.1 [bookmark: _Toc440547853]Bus converter efficiency with different bus voltage
LLC resonant converter shown in Figure 3.4 is selected here as for then IBC. Input voltage is 400 V and the output bus voltage is varied from 4 V to 24 V. The switching frequency of the bus converter is 1 MHz. 
[image: ]
[bookmark: _Ref439853872][bookmark: _Toc440547978]Figure 3.4. LLC resonant converter.
(1) Primary side device selection
Table 3.3 shows the primary side device comparison of 600 V MOSFET including both Si and GaN [23]. Devices listed in Table 3.3 have comparable Rds(on), but it is clear that GaN FETs have lower output charge which lead to smaller RMS current though primary side devices and transformer and also lower gate charge current.  Therefore, 600 V GaN HEMT is selected as primary side devices in the LLC converter. Similar to investigation of alternative architectures, replacing Si MOSFETs with GaN HEMTS in the IBC converter is an effective way to increase the converter’s efficiency [23]. 
[bookmark: _Toc440548553]Table 3.3. Primary side device comparison for LLC converter.
	Device
	Rds (on) (Ω)
	Output charge (nC)
	Gate charge (nC)

	TPH3006PS (GaN)
	0.15
	52
	6.2

	IPP60R165CP (Si)
	0.15
	105
	39

	FCH170N60 (Si)
	0.15
	91.2
	42

	AOT27S60 (Si)
	0.14
	106
	26


(2) Transformer design
The transformer is the most lossy part among all the components in the LLC converter [23]. Different transformers have been designed based on the output voltage, and the summary in Table 3.4 includes copper thickness, core selection and the corresponding transformer turns ratio to step down the input voltage to designed output voltage. Lower output voltage from LLC converter means a higher transformer turns ratio. The losses of the transformer include both core loss and winding loss. Skin effect and proximity effect are being considered in winding loss calculation [66] [67]. 
[bookmark: _Toc440548554]Table 3.4. Transformer design of different output voltage in LLC converter.
	Output Voltage
	Copper
Thickness
	Core Type
	Turns ratio

	24, 12, 10, 8V
	Primary:
2 Oz
Secondary:
2 Oz
	E22/6/16
PLT22/16/2.5
	8, 16, 20, 24

	6, 4 V
	
	2 *E18/4/10
PLT18/10/2
	32, 48


(3) Secondary side device selection
The secondary side MOSFETs of LLC resonant converter are being turned on with zero voltage across them and turned off with zero current [23], therefore, switching loss is ignored for SR MOSFETs. The output charge of the SR MOSFETs will still add to the primary side MOSFETs during the turn on transient as listed in Table 3.5. The SR devices losses include conduction loss and gate driving loss, which can be represented by Rds (on) and Qg in Table 3.5. Qoss is the output charge of the SR MOSFETs, which also needed to be discharged during ZVS transition of primary MOSFETs. 
[bookmark: _Toc440548555]Table 3.5. Si SR devices selection for different output voltage.
	Output voltage
	Device voltage (V)
	Rds (on) (Ω)
	Qg (nC)
	Qoss (nC)

	4
	25
	1.0
	31
	0.014

	6
	25
	1.0
	31
	0.032

	8
	30
	1.3
	20
	0.049

	10
	40
	1.2
	19
	0.080

	12
	40
	1.2
	19
	0.128

	24
	80
	2.5
	15
	0.875


(4) IBC’s efficiency 
With devices selected and transformer designed in the above sections, the efficiency of the LLC converter can be calculated with different output voltage and plotted in Figure 3.5. As expected, full load efficiency reduces with a decreased bus voltage as more output current is handled by the transformer and SR devices. 
[image: ]
[bookmark: _Ref439853994][bookmark: _Toc440547979]Figure 3.5. LLC efficiency at different bus voltages.
3.2.2 [bookmark: _Toc440547854]POL efficiency with different bus voltage
POL converter with five phase synchronous buck converter (shown in Figure 3.6) will be designed and discussed in this section. The switching frequency is 200 kHz for each phase, which makes the effective switching frequency to be 1.0 MHz. The output power is 150 W for all the cases.


[bookmark: _Ref439854044][bookmark: _Toc440547980]Figure 3.6. Multiphase synchronous buck converter.
Table 3.6 summarizes devices selection for different input voltage with the minimum loss figure of merit (FOM) () as discussed in Chapter 2. The same MOSFET is used for 6 V through 12 V, which is mainly because 25 V MOSFETs have more choices than 10 V though 20 V, therefore, a better performance MOSFET at 25 V is actually available compared with lower voltage rating MOSFETs. 
[bookmark: _Toc440548556]Table 3.6. MOSFET selection for different output voltage in POL.
	Input voltage (V)
	Device voltage (V)
	Rds (on) (Ω)
	Qgd (nC)

	4
	7
	1.25
	2

	6
	25
	0.95
	4.9

	8
	25
	0.95
	4.9

	10
	25
	0.95
	4.9

	12
	25
	0.95
	4.9

	24
	40
	4
	2.2


The losses of the synchronous buck converter mainly include the conduction loss of the two MOSFETs, switching loss of the main switch MOSFET (synchronous switch is being soft switched), reverse recovery loss of SR devices, gate driving loss of two MOSFETs, and the DCR and ESR loss of the inductor and capacitors. The switching losses of MOSFETs are calculated using the method in (2-3). Inductor is selected to have 30 % current ripple with the given input voltage and same output capacitor is used.
Figure 3.7 shows the efficiency of the buck converter for different output power with different input voltages. As the input voltage increasing, the efficiency reduces under the same load condition because of higher switching losses for the main switch and higher voltage rating devices need to be used. 
[image: ]
[bookmark: _Ref439854109][bookmark: _Toc440547981]Figure 3.7. Buck efficiency at different bus voltage.
3.2.3 [bookmark: _Toc440547855]IBA efficiency with different bus voltage
With bus converter and POL converter efficiency calculated, the overall efficiency from 400 V to 1 V can be analyzed based on (3-1) and plotted in Figure 3.8. 
[image: ]
[bookmark: _Ref439854134][bookmark: _Toc440547982]Figure 3.8. Overall system efficiency of IBA at different bus voltage.
It can be seen that 4 V bus voltage allows the highest light load efficiency yet worst full load efficiency as 4 V bus voltage complicates the transformer in the LLC converter. 24 V bus voltage provides limited efficiency over the whole range, therefore, it is not a good choice. 12 V, 10 V and 8 V offers comparable efficiency over the entire load range, yet 12 V has higher efficiency most of the time. 12 V bus offers slightly higher full load efficiency yet lower light load efficiency compared with 8 V bus voltage. Therefore, depending on load condition, 8 V and 12 V bus voltage can be selected correspondingly.
Since 12 V is actually the bus voltage used most of the time in data center power supplies, which also means that changing the bus voltage, the efficiency gain would be quite limited. Other architecture is necessary to increase the system’s efficiency.
3.3 [bookmark: _Toc440547856]HV POL Architecture
For the above architectures, despite the converter topology and distribution voltages difference, they all have several power stages connected in series. The overall efficiency from 400 V entering the motherboard to 1 V supplying the microprocessors becomes the product of each converter’s efficiency, which will be lower than the lowest efficiency in the power supply chain. One reason for that is the on-board distribution voltage is different from the input voltage (400 V), which requires one or several power conversion to produce the on-board distribution voltage from the 400 V. However, by adopting the 400 V on-board distribution voltage, it is possible to convert 400 V to 1 V directly, saving one or more power conversion stages.
When it comes to actual losses in the converter, for LLC bus converter, the major losses are the transformer’s winding loss and primary and secondary devices conduction loss [23]. Transformer winding loss is dominant because of the skin and proximity effect under high switching frequency which is usually implemented to shrink the voltage of the bus converter. 
400 V input voltage requires 600 V MOSFET with Rds(on) in the level of hundreds of mΩ [23]. 40 V MOSFET is selected since the nominal voltage is 24 V across SR in LLC, which has higher FOM compared with devices voltage rating at or below 25 V [6]. 
The dominant losses of POL are the top MOSFET switching loss [4][5][6]. The top MOSFETs in buck converter is switching at high voltage (~12 V) and high current (tens of A) and the switching loss cannot be reduced by paralleling. 
Combining those two stages, it can clearly be seen that all the devices connected to the 12 V bus suffer severe loss, either conduction or switching loss, limit the efficiency of the whole system. Therefore, the efficiency can be improved if those devices’ losses are reduced. 
Figure 3.9 illustrates power conversion architecture by eliminating the 12 V intermediate bus, and the converter can be considered as high input voltage point of load converter (HV POL). In this case, the conversion ratio required from this converter is 400 V: 1 V under nominal operation. In addition, HV POL needs to regulate the output voltage with load changing all the time. 


[bookmark: _Ref439854207][bookmark: _Toc440547983]Figure 3.9. Direct 400 V to 1 V conversion by eliminating 12 V bus.
It is impractical to fulfill HV POL with a single converter and a single transformer because of the high step down ratio and high switching frequency to meet the dynamic requirement. Therefore, two alternative structures are evaluated here. The first one is input series and output parallel connected transformer in a single converter, and the other one is input series and output parallel connected converter with two winding transformer in each converter.
3.3.1 [bookmark: _Toc440547857]Structure of HV POL
(1) Input series and output parallel connected transformer 
One direct way to solve the transformer issue is that instead of using one transformer to do 400:1 conversion, a transformer with primary series and secondary parallel connection as shown in Figure 3.10 can be used to increase the turns ratio. To maintain the control bandwidth requirement, the HV POL should be switched at the effective switching frequency of the multiphase buck converter in IBA. The apparent drawback of ISOP connected transformer is that the high frequency transformer needs to handle the large output current, which makes the winding loss severe (up to 30 W under 150 W output power). Therefore, the efficiency of the HV POL is limited by the high frequency winding transformer and it is not considered for HV POL.


[bookmark: _Ref439854263][bookmark: _Toc440547984]Figure 3.10. ISOP connected transformer.
(2) Input series and output parallel connected converters
Similar to the multiphase buck converter, instead of using one converter switched at high frequency, several converters with interleaved control signal allowing each single converter to be switched at lower frequency is considered here. However, the input to output voltage ratio in HV POL is much larger (400:1) than POL (12:1), therefore, the converters in HV POL is input series and output parallel (ISOP) connected rather than input parallel and output parallel (IPOP) connected structure used in POL. Figure 3.11 shows the structure of ISOP connected HV POL. Six modules are used in the ISOP structure. The reasons to select six phases ISOP system include: 1) 100 V MOSFETs can be used with enough margin; 2) transformer turns ratio in each converter is limited to an acceptable number, and 3) the transformer AC skin depth equals 4 oz copper with the equivalent switching frequency become comparable with commercial products.
[image: ]
[bookmark: _Ref439854321][bookmark: _Toc440547985]Figure 3.11. Structure of ISOP connected HV POL.
3.3.2 [bookmark: _Toc440547858]Topology selection for HV POL
After the structure is selected, the next step is to determine the converter topology in the HV POL. The requirements for HV POL include 1) isolation, 2) voltage transformation, and 3) voltage regulation. The transformer realizes isolation and voltage transformation. Because of voltage regulation requirement, resonant converters are not suitable for HV POL anymore. Pulse width modulation (PWM) circuit will be selected for HV POL. 
Figure 3.12 shows the two configurations for the primary side of the isolated converter, full bridge and half bridge, both of which are suitable and easy for voltage regulation. The major difference is that the voltage seen at the transformer primary side, which is  for full bridge and  for half bridge. At the same time, the current stress of both primary side devices and transformer winding is roughly two times for the half bridge configuration compared with the full bridge configuration. The comparison is summarized in Table 3.7. 
	

	


	(a) Full bridge
	(b) Half bridge

	[bookmark: _Ref439854348][bookmark: _Toc440547986]Figure 3.12. Primary circuit configuration.
[bookmark: _Toc440548557]Table 3.7. Primary circuit comparison: half bridge compared with full bridge 
	
	
	Number of FET
	Transformer turns ratio

	Full 
	1
	4
	N

	Half 
	2
	2
	0.5N


Figure 3.13 shows the configuration for secondary side of the isolated converter, full wave and current doubler, both of which are good candidates for high output current application. Full wave rectification circuit is implemented with a center tapped transformer and one output inductor, while current doubler requires a two winding transformer with two smaller output inductors. The inductor in full wave rectification sees twice the switching frequency current; therefore, a smaller value inductor can be used here with the cost of an extra transformer winding. Table 3.8 summarizes the comparison between the two secondary side topologies.

	
          
	


	(a) Full wave rectification
	(b) Current doubler rectification

	[bookmark: _Ref439854368][bookmark: _Toc440547987]Figure 3.13. Secondary circuit configuration. 
[bookmark: _Toc440548558]Table 3.8. Secondary circuit comparison: full wave compared with current doubler 
	
	Voltage rating
	Number of FET
	Sets of secondary side windings 

	Full wave 
	1
	2
	1

	Current doubler
	1
	2
	2





Two combination of primary and secondary structure are selected for further study, one is full bridge with full wave center tapped transformer (as shown in Figure 3.14), the other one is half bridge with current doubler circuit (as shown in Figure 3.15). 


[bookmark: _Ref440530768][bookmark: _Toc440547988]Figure 3.14. Full bridge with full wave rectification.


[bookmark: _Ref440530784][bookmark: _Toc440547989]Figure 3.15. Half bridge with current doubler.
The reason for phase shift full bridge converter is that it has the potential to realize zero voltage switching (ZVS) with no extra cost. As for half bridge current doubler, it can achieve the same step down ratio under same duty cycle with lowest transformer turns ratio, which has the potential for easier transformer design. Also, current doubler structure allows current to circulate in the SR MOSFETs without flowing into the secondary side of the transformer, which helps to reduce the winding losses.
3.3.3 [bookmark: _Toc440547859]Comparison between IBA and HV POL
After converter structure and topology have been selected and designed, the losses and efficiency of HV POL can be calculated. Furthermore, it can be compared with IBA under the same input/output voltage and power condition (400 V/ 1 V and 400 W). For IBA architecture, the bus converter is rated at 400 W while the POL is rated at 200 W. Therefore, one bus converter is connected with two POL converters with input parallel and output parallel (IPOP) connection. The HV POL is rated at 200 W with six half bridge current doubler circuit input series and output parallel connected. Two of the HV POL converters are IPOP connected to provide 400 W output power.  The switching frequency for both synchronous buck converter in IBA and half bridge or full bridge in HV POL is 280 kHz. 
Figure 3.16 shows the loss distribution of IBA and HV POL with both phase shift full bridge and half bridge current doubler. The comparison clearly shows that the overall loss of HV POL is smaller than IBA because the saving of top MOSFETs conduction and switching loss of POL. However, the transformer loss is larger in HV POL compared with IBA, mainly because it handles higher current. The output inductor for both IBA and HV POL is selected such that the output current ripple is the same. The overall volume of output inductor for HV POL is slightly higher compared with IBA. Therefore, there is a tradeoff between power density and efficiency. 
[bookmark: _GoBack]
[bookmark: _Ref439854517][bookmark: _Toc440547990]Figure 3.16. Comparison of loss distribution between IBA and HV POL.
3.4 [bookmark: _Toc440547860]Summary
In this chapter, alternative power delivery architectures have been studied in order to improve both power delivery and power conversion efficiency. First, the distribution losses with 12 V distribution voltage has been estimated, and because of the low core voltage and high current demand, distribution loss is quite large. Therefore, 400 V on-board distribution voltage has been selected to first reduce the distribution loss.
Then, the intermediate bus voltage of IBA has been studied in order to obtain high efficiency of the two stages (IBC and POL). Both IBC and POL have been designed and efficiency has been estimated respectively. Based on the analysis, bus voltage between 8 V to 12 V allows better efficiency over the expected load range.
In the last section, a high voltage point of load (HV POL) has been proposed which converts 400 V to 1 V with a single power conversion stage. Conversion structure and converter topology has been selected and a detailed comparison between HV POL and IBA has been conducted. Higher efficiency can be achieved for HV POL based on analysis.












4. [bookmark: _Toc440547861]Phase Shift Full Bridge DC/DC Converter in HVPOL
In this chapter, the design of the phase shift full bridge (PSFB) DC/DC converter with the specifications shown in Table 4.1 will be analyzed and discussed. Components including primary and secondary devices selection and planar transformer design will be discussed. 
First, different transformer winding structures are designed, and corresponding leakage inductance and AC resistance are calculated considering the fact that a center tapped transformer with two secondary side windings are used in PSFB converter. The experimental measurement and verification is also provided. 
Then, the detailed PSFB converter operation process is illustrated highlighting the impact of primary side devices’ output junction capacitances on the transformer’s current and converter’s efficiency and verified in experiments. 
An 89.1 % full load efficiency and 91.2 % peak efficiency can be achieved for the PSFB converter in experiments, which is given at the end of this chapter. 
[bookmark: _Ref439850551][bookmark: _Toc440548559]Table 4.1. Specifications of a single PSFB converter used in HV POL converter.
	Power rating
	33 W

	Input voltage
	66 V

	Output voltage
	0.98 V – 1.02 V (1 V nominal)

	Output voltage ripple
	10 mV peak to peak

	Operating temperature
	50 °C


 
4.1 [bookmark: _Toc440547862]Transformer design
The transformer in the phase shift full bridge (PSFB) DC/DC converter performs not only the isolation and voltage step-down, but also helps the zero voltage switching (ZVS) of primary side MOSFETs by making use of the leakage inductance of the transformer. Therefore, the key factors that determine the performance of both the transformer and converters are: 1) turns ratio, 2) core loss, 3) AC winding loss, and 4) leakage inductance, which will all be discussed as follows.  
4.1.1 [bookmark: _Toc440547863]Transformer turns ratio selection
The transformer in a PSFB converter should be designed for the worst case, which is the lowest input voltage and highest output current. The minimum input voltage of PSFB is decided by the holdup requirement. Hold-up time is required for the on-board power supply, which means when the AC main input power is off, the energy storage capacitor (CH in Figure 4.1) can deliver power to the load for a short period of time (usually 10-20 msec) [72]. 


[bookmark: _Ref439850754][bookmark: _Toc440547991]Figure 4.1. Indication of hold up capacitor.
Figure 4.2 shows the voltage waveform of the energy-storage capacitor, where VH,nm is the normal voltage across the energy-storage capacitor, VH,min is the minimum allowable bus voltage for HVPOL and th is the required hold-up time. 


[bookmark: _Ref439850793][bookmark: _Toc440547992]Figure 4.2. Voltage waveform of hold-up capacitor.
The relationship between the minimum voltage VH,min and the value of the energy-storage capacitor  CH can be derived and expressed in (4-1), where Pout  and  is the output power and efficiency of the HVPOL converter. The value of CH is positively related to the minimum allowable voltage VH,min, which means for a lower VH,min, smaller CH  can be used. This energy-storage capacitor is usually bulky, therefore, with a smaller VH,min, the power density of the system can be increased by using smaller CH.
                                                             (4-1)
Figure 4.3 shows the utilization of the energy storage capacitance calculated as (4-2) with respect to the ratio of the VH,min and VH,nm . Usually, VH,min is selected as 80%-90% of the normal operation voltage VH,nm, which means only a small percentage of energy stored in  is used during the hold-up time [72]. To increase the utilization and reduce the weight and volume of, VH,min is selected as half (200 V) of the normal operation voltage, which is 400 V in the HVPOL. Therefore, a smaller hold up capacitor with more energy being utilized can be used compared to the capacitor designed with 80% voltage up voltage which is widely used today [72].  Therefore, the transformer is designed with 200 V input voltage and 33 A output current.


[bookmark: _Ref439850822][bookmark: _Toc440547993] Figure 4.3. Normalized delivered energy from hold up capacitor during hold-up time as a function of hold-up voltage.
                                                          (4-2)
For the phase shift full bridge converter, duty cycle loss is induced into the circuit because of the leakage inductance from the transformer as shown in Figure 4.4. The effective duty cycle of the converter seen from output to input side can be expressed as in (4-3), and the duty cycle loss linearly increases with the leakage inductance. Therefore, the relationship between maximum turns ratio and the leakage inductance is derived in (4-4), and the corresponding values are plotted in Figure 4.4. With a larger leakage inductance, the transformer is required to have a lower turns ratio to make up the duty cycle loss of leakage inductance. 
                                         (4-3)
                            (4-4)
[image: ]
[bookmark: _Ref440531933][bookmark: _Ref440531929][bookmark: _Toc440547994]Figure 4.4. Relationship between leakage inductance and transformer turns ratio.
The turns ratio of the transformer is selected to be 24:1 because the targeted leakage inductance from the transformer is lower than 1.5 µH. 

4.1.2 [bookmark: _Toc440547864]Transformer core selection 
To maintain a less than 25 ºC temperature rise of the transformer, a total 12 layers of PCB (4 layers for primary side and 8 layers for secondary side) is selected be used to fulfill to 24:1 turns ratio with center tapped secondary side winding. Therefore, the minimum height of the core should be greater than 100 mil. However, the commercially available planar cores do not meet the requirement. Therefore, to solve the problem, two cores are selected with primary side series and secondary side parallel structure as shown in Figure 4.5. The effective area of the core is calculated as (4-5). Two planar cores E/PLT core E 14/3.5/5 and PLT 14/5/1.5 is selected. After primary side series and secondary side parallel connection, the window is large enough to fit the transformer PCB windings. 
                                                            (4-5)


[bookmark: _Ref439850893][bookmark: _Toc440547995]Figure 4.5. ISOP connected transformer.
As the voltage across the transformer is not sinusoidal, therefore, the Steinmetz equation cannot be directly applied, a modification from [66] is used to calculate the core loss of the transformer as in (4-6).
  (mW/cm3)                              (4-6)
where  α, β, and K are the parameters of the core based on Steinmetz equation and are usually provided by core vendors, and Bsqm is the peak to peak flux density when the converter’s duty cycle is 0.5 () with Ae being effective area of the core.
4.1.3 [bookmark: _Toc440547865]Transformer winding structure 
Two parameters are essential for transformer design: (1) AC winding resistance which determines the winding loss, and (2) leakage inductance which greatly impacts the soft switching performance of primary side devices.  Three different transformer structures are designed and evaluated in terms of AC winding resistance and leakage inductance in the following section.
(1) AC resistance
Because of eddy current effect, winding losses of the transformer increase significantly with the current frequency. The eddy current effect mainly includes skin effect and proximity effect, which will be discussed here. The ratio of AC resistance to DC resistance under sinusoidal excitation can be expressed as (4-7) [66][67], where ξ=h/δ, h is the thickness of the copper, and δ is the skin depth of the conductor.
                                                             (4-7)
Considering Dowell’s assumption, the AC resistance of the m-th layer in the transformer can be expressed as (4-8) [66][67].
                                 (4-8)    
where m can be calculated as a ratio in (4-9)
                                                                   (4-9)    
where F(h) and F(0)are the magnetomotive force (MMF) at the limits of a layer which will be illustrated later in this section.
Based on this analysis, the minimum AC can be calculated for different values of m and plotted in Figure 4.6. It is clearly shown that the AC resistance increases dramatically with the increased m.
However, the current through transformer primary winding of the PSFB converter is not sinusoidal, which means high frequency harmonics exist. As the eddy effect is strongly related to current frequency, resistance under each frequency needs to be calculated separately. The overall transformer winding loss will be the sum of winding loss under each frequency as in (4-10). Based on this, the equivalent AC resistance can be derived in (4-11), which is the effective resistance seen at the terminal of the transformer.


[bookmark: _Ref439850964][bookmark: _Toc440547996]Figure 4.6. AC resistance relative to DC resistance in a layers with ξ=1.


                            (4-10)

                                        (4-11)
(2) Leakage inductance
Because of the imperfectness of coupling between primary and secondary side winding, leakage inductance does exist in every transformer design, and it is inevitable. However, in phase shift full bridge converter, this leakage inductance is a desired feature, as the energy stored in the leakage inductance will discharge the primary side device before it receives gate turn on signal, thus zero voltage switching (ZVS) can be achieved. 
The leakage inductance can be calculated and estimated by the energy stored in it, which can be expressed as (4-12).
                                      (4-12)
where lw is the length of each turn, bw is the width of each turn, and h is the thickness of each layer. The field strength H is related to the number of ampere turns with the flux path [66][67].
With the method of calculating AC resistance and leakage inductance introduced above, different winding structures can be evaluated in terms of AC winding resistance and leakage inductance.
(3) Winding structure comparison
The center tapped transformer with two secondary side windings is used in the phase shift full bridge converter, based on the operating principle of phase shift full bridge converter, the two secondary side windings do not conduct current at the same time. During energy transfer period, only one of the secondary side windings is conducting. During the freewheeling period, both secondary side windings are conducting as shown in Figure 4.7. 


      
(a)    current direction                                  (b) current waveforms
[bookmark: _Ref439851549][bookmark: _Toc440547997]Figure 4.7. Secondary side current of center tapped transformer in a phase shift full bridge converter.

To simplify the following AC resistance calculation, an assumption has been made that is during the freewheeling period, only one set of secondary side transformer windings is conducting which is a common assumption for the analysis of phase shift full bridge converter with synchronous rectification [68][69]. Based on this assumption, the calculation for transformer AC resistance can be greatly simplified. Figure 4.8 is the secondary side current distribution assuming at a given time, only one set of secondary side winding is conducting and also square current waveform is assumed here. In the analysis, DC distribution is omitted as it does not impact the MMF of the transformer and will be considered as DC losses alone [70]. 


[bookmark: _Ref439851802][bookmark: _Toc440547998]Figure 4.8. AC current of secondary side winding in PSFB converter.
Three different transformer winding structures for the center tapped transformer will be evaluated in the following sections in terms of AC resistance and leakage inductance.
a. Interleaved structure:
Figure 4.9 shows the structure of interleaved winding together with the magnetomotive force (MMF) of all the layers including conduction layers and insulator layers, the leakage inductance would be the same as in (4-13). 
            (4-13)
where hp, hs and hΔ is the thickness of primary side winding, secondary side winding, and insulation layer, respectively. 


[bookmark: _Ref439851845][bookmark: _Toc440547999]Figure 4.9. Interleaved winding structure.
b. Non-Interleaved structure:
Figure 4.10 shows the structure of the non-interleaved winding together with the MMF of all the layers including conduction layers and insulator layers. (4-14) calculates the leakage inductance. 


[bookmark: _Ref439851892][bookmark: _Toc440548000]Figure 4.10. Non-interleaved winding structure.
                                          (4-14)
c. Half-Interleaved structure:
Figure 4.11 shows the structure of the half-interleaved winding together with the MMF of all the layers including conduction layers and insulator layers. The leakage inductance can be calculated in (4-16). 


[bookmark: _Ref439851924][bookmark: _Toc440548001]Figure 4.11. Half-interleaved winding structure.
                                          (4-16)
The comparison of leakage inductance and AC resistance among the above three winding structures is summarized in Table 4.2. 
[bookmark: _Toc440548560]Table 4.2. Transformer AC resistance and leakage inductance comparison among different structures.
	Winding Design
	Interleaved
	Non-Interleaved
	Half -Interleaved

	Rac,P (mΩ)
	376
	672
	398

	Rac,S (mΩ)
	0.51
	0.81
	0.59

	Llk (nH)
	405
	1866
	748


After comparison, transformer winding structure 3, the half interleaved structure is selected here as it has similar resistance and higher leakage inductance compared with the interleaved structure and also much lower AC resistance compared with the non-interleaved case.
(4) Measurement and experimental verification
Both the leakage inductance and the equivalent AC winding resistance can be verified by measurement or by testing waveforms.
a. Leakage inductance measurement
Both interleaved and half interleaved transformers are built in prototype and their inductances have been measured separately using an impedance analyzer. Table 4.3 shows the measured leakage inductance for both of the two structures in comparison with the calculated results. The leakage inductance is measured at 280 kHz excitation frequency. The measurement verifies that the half interleaved transformer has over 50 % higher leakage inductance, which is similar to the trend in calculation. 
[bookmark: _Ref439852019][bookmark: _Toc440548561]Table 4.3. Leakage inductance comparison between calculation and measurement.
	Winding Design
	Interleaved
	Half -Interleaved

	Llk (nH) in calculation
	405
	748

	Llk (nH) in measurement
	440
	732


b. Equivalent AC resistance verification
Unlike the leakage inductance, which is not very sensitive to frequency, the equivalent AC resistance is the sum of AC resistance under different harmonic frequencies; therefore, it is not feasible and accurate to measure it directly using an impedance analyzer with a fixed frequency. However, based on the operational principle of PSFB converter, it is possible to calculate the AC resistance from transformer through freewheeling interval. During this interval, Q2 and Q4 or Q1 and Q3 are conducting, with the transformer being shorted; the equivalent circuit is shown in Figure 4.12. 


[bookmark: _Ref439852044][bookmark: _Toc440548002]Figure 4.12. Equivalent circuit used to calculate Req.
As illustrated in Figure 4.12, it is a RL circuit, with the value of leakage inductance and device Rds(on) available in hand, it is fairly easy to calculate the equivalent AC winding resistance as expressed in (4-17). The leakage inductance used in (4-17) is larger than the value measured directly with the impedance analyzer with consideration of stray inductance on the printed circuit board and even the package inductance of secondary side devices [71]. The Lleak is 1.146 µH with consideration of the stray inductance on the printed circuit board under testing.
                                           (4-17)
where Ip(t2) is the inductor current value at the beginning of the freewheeling period, Ip(t3) is the inductor current value at the end of the freewheeling period, (t3-t2) is the duration of freewheeling period, and RMOSFET is the lumped resistance of all conducting MOSFETs during the freewheeling period, including both primary devices’ resistance and secondary devices’ resistance reflected to the primary side.
Figure 4.13 and Figure 4.14 are the experimental waveforms to verify the AC winding resistance for two different primary side devices. Two PSFB converter prototypes are built with different primary side devices and all other components including the transformer are the same. The on-state resistance of the primary MOSFETs is 110 mΩ in converter number 1 and 5.6 mΩ in converter 2. Based on (4-18), the AC resistance of the transformer for converter with different primary side device is 0.619 Ω.


[bookmark: _Ref439852120][bookmark: _Toc440548003]Figure 4.13. AC winding resistance verification of primary device #1 (Rds(on)=110 mΩ).


[bookmark: _Ref439852124][bookmark: _Toc440548004]Figure 4.14. AC winding resistance verification of primary device #2 (Rds(on)=5.6mΩ).
The calculated AC resistance reflected to the primary side when both S1 and S2 are ON in Table 4.3 is 0.552 Ω, which means the error is around 10 %. There are several reasons for this difference in measurement and calculation: 
i. The resistance from the board and connecting wires also add to the primary side loop which is not considered in (4-17) and should be subtracted from the equivalent AC resistance.
ii. The AC current in testing has some oscillation which induces high frequency harmonics into the current. The AC resistance is strongly positively dependent on the percentage of high frequency components in the current; therefore, the resistances calculated from the testing waveforms are higher than the calculated resistance.
4.2 [bookmark: _Toc440547866]Primary side device selection
In this section, the selection of primary side MOSFET is discussed in detail based on a detailed analysis on converter’s operational principles. 
4.2.1 [bookmark: _Toc440547867]Device figure of merit comparison
Based on device figure of merit (FOM) discussed in Chapter 2, both hard and soft switching FOM has been calculated and plotted in Figure 4.15 with six Si MOSFETs and two GaN FETs rated at 100 V. The devices which are closer to the origin have a lower FOM which means a lower loss under the same operation conditions. GaN devices have lower FOM for both hard and soft switching condition compared with Si devices. 
	[image: ]
	[image: ]

	(a) Soft switching FOM
	(b) Hard switching FOM


[bookmark: _Ref439852156][bookmark: _Toc440548005]Figure 4.15. FOM of 100 V MOSFETs.
To evaluate the theory, two different devices with similar Qgd are selected, so that their switching losses under the same current and voltage condition are comparable with each other. Table 4.4 lists the specifications for the two selected devices, the GaN FET has lower Rds(on) but higher Coss, and  the Si MOSFET has higher Rds(on) but lower Coss.
[bookmark: _Ref439852259][bookmark: _Ref439852256][bookmark: _Toc440548562]Table 4.4. Key parameters of two primary MOSFETs.
	Device
	Rds(on) (mΩ)
	Coss(energy) (pF)
	Coss(charge) (pF)
	Qgd (nC)

	GaN
	5.6
	510.1
	631.2
	22

	Si
	110
	29.4
	47.5
	20


4.2.2 [bookmark: _Toc440547868]Operation principle of PSFB converter considering output junction capacitance
To address the impact of the output junction capacitance, the basic theory of the phase shift full bridge converter will be discussed with emphasis of primary side MOSFETs’ output junction capacitance’s influence on the RMS current through both primary side and secondary side. Figure 4.16 is the operation waveform of the phase shift full bridge converter which can be divided into 12 intervals for each period. Because of symmetry, only t0 though t5 will be discussed here. Current values for primary and secondary side at each time are marked in Figure 4.16 [75].

  
[bookmark: _Ref439852325][bookmark: _Toc440548006]Figure 4.16. Operational waveforms of phase shift full bridge converter.
a. Interval 1: t0-t1
During this time interval, energy is transferred from primary side to secondary side. The primary side current can be expressed as follows: 
                                                   (4-18)
                                                  (4-19)
where  is the output current value at time t0. Based on the output current value, Iout_t0 can be expressed as follows:
                                  (4-20)
                                                             (4-21)
b. Interval 2: t1-t2
During this time, the leading leg starts commutation (Q4 turns off). The output junction capacitance has significant impact on the current waveform during this interval [75]. This interval can be further divided into two sub intervals, and the primary side current can be calculated correspondingly. 
i. vAB reduces to zero tt1-t1a
During this time, the voltage across the transformer primary side winding reduces to zero. Because the output inductance Lout is involved, the current discharges Q4 and charging Q3 can be considered as constant. Therefore, the time for this interval can be calculated as, where Cp is the charge equivalent capacitance of primary side MOSFETs.
                                          (4-22)
                       (4-23)
                                                                 (4-24)
                                                                                                  (4-25)
                                                                   (4-26)
In the equations, Lleak is the leakage inductance of the transformer on the primary side; Llk_SR is the sum of the leakage inductance of the transformer on the SR side and the stray inductance of the SR devices. At the end of this interval, voltage across Q3 is reduced to zero so it can be turned on under ZVS. There is still voltage across the magnetizing inductance Lm. For the secondary side, junction capacitance of SR1 starts to be discharged and has not reached zero yet.
ii. vLm reduces to zero tt1a-t2
During this sub interval, voltage across Lm will be further reduced to reach zero and voltage across SR1 will also reduce to zero [75]. 
             (4-28)                                                                                  
                                                                     (4-29)                            
                                                                       (4-30)
                               (4-31)
Since the time interval is short, therefore, the current during this interval is approximated as a linear function shown in (4-32) where  as shown in Figure 4.17. 
                                                (4-32)


[bookmark: _Ref439852421][bookmark: _Toc440548007]Figure 4.17. Current step down for both Si and GaN during interval 2.
Based on the analysis,  is 0.43 A for Si (smaller Coss) and 0.02 A for GaN (larger Coss), which indicates a smaller output junction capacitance leads to a greater current reduction during leading leg commutation and a lower current value to begin freewheeling period. 
c. Interval 3: t2-t3
If at time t2, Q3 and SR1 are still in OFF state, then current flows through the body diode of Q3 and SR1. During this time interval, since body diodes of SR1 and Q3 conduct, a positive voltage is applied across Lleak, therefore, ip starts to ramp up based on (4-33):
                                               (4-33) 
The voltage across the leakage inductance (Lleak) can be expressed as (4-34), where  is the forward voltage drop of the SRs’ body diode and  is the forward voltage drop of the primary MOSFETs’ body diode. The current during this time interval is expressed in (4-35).
                                               (4-34)
                               (4-35)
d. Interval 4: t3-t4
This enters the freewheeling period of the phase shift full bridge converter. During this time interval, the transformer is shorted. On the primary side, the equivalent circuit is a RL circuit. The current ip can be expressed as (4-36), where Rp is the lumped resistance on the primary side, which includes the MOSFETs on-state resistance Rds(on) and  transformer winding resistance Rwinding. 
                                                    (4-36)
e. Interval 5: t4-t5
At time t4, Q1 turns off. Current starts to charge Q1 and discharge Q2. Because both SR1 and SR2 are still conducting, there is no reflection of the output inductor from the secondary side to the primary side. Resonance occurs between the leakage inductance and the two output capacitances of Q1 and Q2. ip can be expressed as:
                                                  (4-37)
                                                           (4-38)
Therefore, it can be seen that for the lagging leg, the energy required is purely provided by the leakage inductance and strongly dependent on the current value at t4 (Ip4). The dead time required is a quarter of the resonant period as:
                                                        (4-39)
The requirement of soft switching for the lagging leg switches can be expressed as:
                                                     (4-40)
f. Interval 6: t5-t6
At time t5, voltage across Q1 is charged to Vin and Q2 is discharge to zero. If Q2 is turned on after t5, it is turned on under ZVS condition. The current on primary side during this time can be expressed as:
                                                  (4-41)
The current value at the end of this period is the same as Ip0. 
Based on the above analysis, the current RMS value of the primary side winding for 33 A output current is 1.11 A for Si and 1.36 A for GaN; this difference is mainly caused by current step-down difference during interval 2 as shown in Figure 4.16 where the freewheeling current (from Ip3 to Ip4) is smaller for Si than GaN. This indicates that a smaller output junction helps to reduce the freewheeling current naturally, which is desirable. 
4.2.3 [bookmark: _Toc440547869]Primary side device loss analysis
For primary side devices, the losses include conduction loss, switching losses including turn off loss and turn on loss when soft switching is lost, and gate driving loss. These three losses will be discussed in the following sub-section. 
(1) Switching loss
The output inductor is involved in the leading leg commutation, therefore, leading leg (Q3 and Q4) can achieve zero turn on through almost the entire load range. Turn off loss is simulated in Saber with two customized models based on data sheet specifications. 
For the lagging leg, when (4-40) cannot be satisfied, the MOSFETs enter partial soft switching region as shown in Figure 4.18. The left voltage across the MOSFET (Vdsp,sw in Figure 4.18) will be hard switched. 


[bookmark: _Ref439852705][bookmark: _Toc440548008]Figure 4.18. Partial soft switching of primary MOSFETs.
The switching loss can be calculated in (4-42). 
                     (4-42)
where ton is the turn on time of partial hard switched lagging leg MOSFETs and toff1 and toff2 is the turn off time for lagging and leading leg MOSFETs, respectively. 
(2) Conduction loss
Based on the operation analysis in Section 4.2.2, the current RMS value on primary side can be expressed as (4-43), therefore, the conduction loss can be calculated in (4-44). 

                             (4-43)
                                                              (4-44)  

(3) Gate driving losses
The gate driving loss of primary MOSFETs can be described as:
                                                         (4-45)
where Qg_pri is the gate charge of primary side MOSFETs.
Therefore, the overall primary side MOSFETs losses are:
                                        (4-46)
4.3 [bookmark: _Toc440547870]Secondary side device selection
Based on waveforms shown in Figure 4.14, SR devices have the same soft switching region as the leading leg devices; therefore, turn on loss can be ignored. In the meantime, SR MOSFETs are turned off with zero current condition; therefore, turn off loss can also be ignored. SRs MOSFETs’ losses mainly include conduction loss and gate driving loss, which can be calculated as follows:
                                         (4-48)
                                                       (4-49)
                                                     (4-50)
4.4 [bookmark: _Toc440547871]Output inductor selection
The current ripple on the output inductor can be expressed as (4-51).
                                                           (4-51)
Since the system is being interleave controlled, therefore, the overall current ripple can be cancelled with each other as shown in Figure 4.19.  With interleaved control, the inductor currents of different modules are not in phase with each other. When one inductor current is at the peak value the other might be at the minimum value, therefore, the output current being the sum of all the inductors’ current will become more flat compared with inductor’s current.
[image: ]
[bookmark: _Ref439852780][bookmark: _Toc440548009]Figure 4.19. Ripple current cancellation with respect to interleaved phase number and duty cycle. 
Each full bridge converter can be considered as two interleaved buck converter. With six full bridge converters interleaved, it is equivalent to a 12 phase interleaved buck converter. As ripple current can be cancelled greatly with 12 phases, a lower value of output inductance can be selected. If the converter is designed to operate under continuous conduction mode (CCM) when the load current is greater than 5 A, the output inductance is around 230 nH. Therefore, inductor model 1170-231 with a DC resistance of 0.25 mΩ from Coilcraft is selected. 
The inductor loss of the output inductor can be calculated as (4-51) where core loss is obtained from the manufacturer’s website. 
                         (4-51)
With major losses including MOSFETs’ loss, transformer loss, inductor loss and capacitor ESR losses calculated, the efficiency is obtained and plotted in Figure 4.20. 
[image: ]
[bookmark: _Ref439852832][bookmark: _Toc440548010]Figure 4.20. Estimated PSFB converter efficiency with Si and GaN devices. 
It can be seen that GaN offers higher efficiency compared with the Si MOSFET since RMS value of the current is the same and GaN has a much lower Rdson without considering the current drop caused by Coss. However, when considering the output junction capacitance, the reduction of the RMS current though devices and transformer makes the Si converter more efficient than the GaN converter, even though GaN has lower Rdson and comparable switching loss. Therefore, it is necessary to consider the impact of output junction capacitance when selecting devices as it not only affect the resonant intervals’ performance, but also current RMS value during the freewheeling period.
However, the selection of 100 V GaN FETs is limited compared with the number of available Si devices. Therefore, to have a fair comparison between the performance of Si and GaN FETs, an assumption of more voltage and current rating devices being available is assumed which means Rds(on), Coss, Cdg and Qg changes continually. Both the hard switching FOM and soft switching FOM keeps unchanged for both Si and GaN cases. Full load efficiency is calculated with respect to the output junction capacitances for Si and GaN cases and is shown in Figure 4.20, which indicates GaN FETs offer higher efficiency over a wide range of output junction capacitances. The two available GaN FETs and the selected Si devices are marked in Figure 4.21 as well. 


[bookmark: _Toc440548011]Figure 4.21. Estimated PSFB converter full load efficiency with respect to output junction capacitance. 
4.5 [bookmark: _Toc440547872]Experimental verification
Prototypes of both Si and GaN based converters have been built. Figure 4.22 and Figure 4.23 are the experimental lagging leg waveforms for both Si and GaN based converter under full load which indicates that both devices are being partially hard switched. 
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[bookmark: _Ref439852936][bookmark: _Toc440548012]Figure 4.22. Testing lagging leg waveforms under full load for Si converter.
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[bookmark: _Ref439852939][bookmark: _Toc440548013]Figure 4.23.  Testing transformer voltage and current waveforms under full load for GaN converter.
Figure 4.24 shows comparison between Si and GaN converter’s transformer current under the same loading condition. It clearly shows the current stepdown during the leading leg transient, which verifies the above analysis. However, by reducing the RMS current on the primary side, the current magnitude at the lagging leg transient is also reduced, which means the energy stored in the leakage inductance (in Figure 4.24) in also reduced. Therefore, the soft switching capability is sacrificed. 
[image: ] 
[bookmark: _Ref439853010][bookmark: _Toc440548014]Figure 4.24. Transformer primary side current comparison between Si and GaN. 
Efficiency of both Si and GaN converter is also measured over a wide load range and is shown in Figure 4.25. It can be seen that the Si converter has a higher efficiency compared with the GaN converter even under heavy load, which is the same as estimated efficiency with consideration of output junction capacitance. 
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[bookmark: _Ref439853053][bookmark: _Toc440548015]Figure 4.25. Measured efficiency of Si and GaN based converter. 
4.6 [bookmark: _Toc440547873]Summary
In this chapter, the design of one phase shift full bridge (PSFB) DC/DC converter out of the six phases input series and output parallel (ISOP) connected system is performed. 
First, the transformer of the PSFB is designed in terms of transformer turns ratio, core selection and winding structure design. The leakage inductance and AC resistance are either measured using an impedance analyzer or verified through testing waveforms to verify the calculation with consideration of high order harmonics in the current. 
Then, by a detailed analysis of the PSFB operational principle, the significance of the output junction capacitance of primary side MOSFETs on the whole converter’s efficiency is revealed. Two prototypes with significant different output junction capacitances are built and tested, which validated the impact of output junction capacitance on the converter’s operation waveforms and efficiency. The experimental testing result shows that the designed converter can reach 89.1 % full load efficiency and 91.2 % peak efficiency.








5. [bookmark: _Toc440547874]Load Dependent Soft Switching Method for Half Bridge Current Doubler Converter in HV POL
As mentioned in Chapter 3, a half bridge current doubler converter (shown in Figure 5.1) is also being investigated here. In this chapter, first, two conventional control methods for half bridge current converter, symmetrical and asymmetrical control, are analyzed based on the application requirement. Symmetrical control offers higher efficiency compared with asymmetrical control; therefore, it is selected as the control method. Even though GaN FETs have the potential to improve the efficiency, Si MOSFETs are selected in the HV POL with half bridge current doubler so that any efficiency benefit would come from the proposed architecture rather than using better devices. Also, the cost of the HV POL is lower with Si compared with GaN FETs.
Yet, the major drawback of symmetrical control is the hard switching of the primary side devices. To further improve the efficiency, a novel control method is proposed so that the half bridge current doubler can achieve zero voltage turn on of primary MOSFETs for the entire load range with the auxiliary components. The proposed method can adjust itself based on the loading condition of the converter automatically with commercial controller ICs. Experimental efficiency of a hardware prototype is provided to show that the proposed method can increase the converter’s efficiency in both heavy and light load conditions. 



[bookmark: _Ref439843715][bookmark: _Toc440548016]Figure 5.1. Half bridge with current doubler converter.
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5.1 [bookmark: _Toc440547876]Control of half bridge current doubler
5.1.1 [bookmark: _Toc440547877]Asymmetrical control
For a half bridge circuit, two types of control method are widely used. One is the asymmetrical control method as shown in Figure 5.2. In this case, Q1 and Q2 are controlled complementarily [76][77]. During the dead time between turning off SR devices and turning on primary devices, leakage inductance Llk will charge and discharge the two junction capacitances of primary MOSFETs, therefore, zero voltage turn on can be achieved similar to the phase shift full bridge converter when the load is heavy and current in Llk is large enough. 


[bookmark: _Ref439843885][bookmark: _Toc440548017]	Figure 5.2. Operation waveform of asymmetrical control.
However, as indicated in Figure 5.2, Llk will cause duty cycle loss (calculated in (5-1) and (5-2)) in the converter, further causing the RMS current in the transformer and devices to increase, which will reduce the benefit of saving switching losses. Also, asymmetrical control will stress the two primary side devices differently; one device (Q1) will suffer both higher RMS current and being harder to achieve soft switching. Therefore, there will be a conflict of how large the leakage inductance should be: as increasing it, Q1 will have more conducting loss, yet reducing it, soft switching might be lost even under full load. 
                                                             (5-1)
                                                            (5-2)
                                               (5-3)
5.1.2 [bookmark: _Toc440547878]Symmetrical control
Another control method widely used in half bridge converter is symmetrical control, where Q1 and Q2 are controlled with π/2 phase difference as shown in Figure 5.3 [78][79]. The half bridge converter now becomes an interleaved isolated buck converter with two sets of switches (Q1/SR1 and Q2/SR2). 
The input and output voltage relationship is described in (5-4).
                                                       (5-4)
where Dloss can be calculated as in (5-5):
                                                      (5-5)

  
[bookmark: _Ref440373456][bookmark: _Toc440548018]Figure 5.3. Operation waveforms of symmetrical control of converter.
When both of the primary MOSFETs are off, the output inductor currents (iL1 and iL2) are freewheeling through the SR devices without flowing into the transformer, which reduces the winding loss of the transformer. The major drawback of the symmetrical controlled half bridge converter is that Q1 and Q2 are being hard switched for the entire load range. Unlike the asymmetrical controlled half bridge where leakage inductance helps to achieve soft switching, in symmetrical control, the leakage inductance causes oscillation with devices’ output junction capacitances when both devices are off and cannot reduce switching losses; therefore, for symmetrical control, the smaller the leakage inductance is, the lower the losses are. 
5.1.3 [bookmark: _Toc440547879]Comparison between two control methods
For both asymmetrical and symmetrical control methods, the current RMS value increases as the transformer leakage inductance increases as shown in Figure 5.4. For different leakage inductances, the symmetrical control always offers a lower RMS current, both in the transformer winding and devices. 
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[bookmark: _Ref439843977][bookmark: _Toc440548019]Figure 5.4. Transformer current comparison between asymmetrical and symmetrical control.
The converters’ efficiency is further estimated for different leakage inductances with asymmetrical control and 0.1 µH leakage inductance for symmetrical controls. 500 nH output inductances and 6:1 turns ratio transformer is used for both control scheme. Based on analysis, symmetrical control provides higher efficiency compared with asymmetrical control. Therefore, symmetrical control is selected here for the following discussion.
[image: ]
[bookmark: _Toc440548020]Figure 5.5. Efficiency comparison between asymmetrical and symmetrical control.
5.2 [bookmark: _Toc440547880]Operation principle of proposed zero voltage switching half bridge current doubler
Even though symmetrical controlled half bridge offers higher efficiency, in order to further improve the efficiency, a load dependent zero voltage switching (ZVS) method shown in Figure 5.6 has been proposed. Besides the power stage of a conventional half bridge current doubler, the proposed circuit also contains an auxiliary circuit, which includes series connected MOSFETs (Sa and Sb), a diode (Da), and an inductor (La). The capacitances in parallel with the devices are the junction capacitances drawn explicitly and are not extra discrete components which will be used to explain how the proposed method works in the following sections.


[bookmark: _Ref440382050][bookmark: _Ref440397475][bookmark: _Toc440548021]Figure 5.6. Proposed zero voltage switching circuit for half bridge current doubler.
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Figure 5.7 illustrates the theoretical operation waveforms of the converter’s major components. The operation of the load dependent soft switching half bridge current doubler can be divided into 12 intervals as t0 through t11 in Figure 5.7. Because the half bridge converter is a symmetrical converter, only the first six intervals (t0 through t5) will be discussed here to indicate how the proposed method works. The magnetizing inductance Lm in the transformer as shown in Figure 5.6 is designed to have a large value so that the magnetizing current in the transformer can be greatly reduced. Therefore, the magnetizing inductance and current is ignored from the following discussion to simplify the analysis.


[bookmark: _Ref439165513][bookmark: _Toc438554230][bookmark: _Toc440548022]Figure 5.7. Operational waveform of proposed soft switching method for half bridge current doubler.
The detailed operation principle will be discussed for each interval. Only the switching losses of MOSFETs in the converter are discussed, as the conduction losses and gate driving losses of the power stage MOSFETs are the same as conventional half bridge current doubler. The auxiliary components losses will be discussed in Section 5.3. 
a. Interval 1: t0 to t1
Before t0, two inductor currents iL1 and iL2 are freewheeling through SR1 and SR2 as in Figure 5.8. At time t0, Sa is turned on, then a positive voltage is applied across La as indicated in Figure 5.9 and auxiliary current in the arrow direction shown in Figure 5.9 starts to build up. Sa is turned on with zero current switching (ZCS). Based on KCL, the sum of iSR1 and iSa is equal to the current iL1 at any given time; therefore, the current flowing through SR1 is transferring to the auxiliary inductor La. 
In order to achieve zero voltage switching of primary side devices and avoid reverse recovery loss of SRs’ body diode, the current direction of iSR1 needs to be negative with respect to the current direction in Figure 5.9 when SR1 is being turned off. The current flowing through the auxiliary inductor can be calculated as in (5-7), which clearly indicates the current in the auxiliary inductor depends not only on the inductance value but also the time when both SR1 and Sa1 are ON. 
                                                              (5-7)
where Vo is the output voltage and VF_D the forward voltage drop of the auxiliary diode. 


[bookmark: _Ref440382143][bookmark: _Toc440548023]Figure 5.8. Equivalent circuit prior to t0.



[bookmark: _Ref440382159][bookmark: _Toc440548024]Figure 5.9. Equivalent circuit from t0 – t1.
b. Interval 2: t1 to t2
At time t1, SR1 is turned off with the equivalent circuit shown in Figure 5.10. As the current is flowing from drain to source when SR1 is turned off, the body diode conduction of SR1 is prohibited together with the reverse recovery current and loss. Yet, active turn off loss occurs in SR1. The energy charging the output junction capacitance is taken out of the turn off loss of SR1 as indicated in (5-8). By designing the difference between  as small as possible, the actual turn off losses of SR devices are also kept at the minimum value.
                                 (5-8)


[bookmark: _Ref440382350][bookmark: _Toc440548025]Figure 5.10. Equivalent circuit from t1 – t2.
At the instant SR1 is turned off, the current in the auxiliary inductor is larger than the current in the output inductor. The difference between the two currents is forced to flow through the capacitances in the converter including SR1, Q1 and Q2. The current and voltage relationship during this interval can be expressed as (5-9) to (5-12). As indicated in (5-11), a larger difference between Isap and  leads to a faster discharging of voltage across Q1, which means ZVS can be achieved for a shorter period of resonance.
                                                                        (5-9)
                                                                           (5-10)
  (5-11)
                        (5-12)
where  ,   and Cpri is the junction capacitances of primary MOSFETs, CSR is the junction capacitance of SR MOSFETs.
If Q1’s turn on signal still has not arrived when the voltage is discharged to zero, the body diode of Q1 starts to conduct as shown in Figure 5.11, which is not preferred, as extra body diode conduction loss is being introduced [25] and efficiency is compromised. 


[bookmark: _Ref440382385][bookmark: _Toc440548026]Figure 5.11. Primary body diode conduction between t1 – t2.
c. Interval 3: t2 to t3
At time t2, Q1 is turned on with zero voltage across it as shown in Figure 5.12. When Q1 is conducting, a positive voltage is applied across the transformer while a negative voltage is applied across La (the direction is marked in Figure 5.12). Therefore, the current in the auxiliary inductor starts to reduce linearly as (5-13). When the current reaches zero, the diode Da starts to block the voltage and stops conducting current. Clearly, Sa can be turned off with zero current through it. The time for the current to reduce to zero can be calculated based on (5-13) as well. At the same time when Sa1 stops conduction, the current through Q1 reaches the inductor current reflected to the primary side.
                                                  (5-13)
where Isat2 is current in auxiliary inductor at time t2.


[bookmark: _Ref440382455][bookmark: _Toc440548027]Figure 5.12. Equivalent circuit from t2 – t3.
d. Interval 4: t3 to t4
During this interval, the converter’s operation is the same as the conventional half bridge current doubler as presented in Figure 5.13, and the energy is transferring from primary to secondary side. The duration of this interval can be calculated as in (5-14). Both inductors’ currents are free-wheeling through SR2.


[bookmark: _Ref440382672][bookmark: _Toc440548028]Figure 5.13. Equivalent circuit from t3 – t4.
                                                                    (5-14)
e. Interval 4: t4 to t5
At time t4, Q1 is turned off as shown in Figure 5.14. The actual turn off loss can be calculated in (5-14) where the current charging the junction capacitances is not included in the turn off loss of Q1 and is subtracted. For high input voltage low input current application here, the actual turn off losses of Q1 and Q2 are much smaller compared with VI product calculation as in (5-14). Also, the actual turn off losses of Q1 and Q2 are smaller than the extra auxiliary components loss if the snubber capacitor was added in parallel with Q1 and Q2 to eliminate the turn off loss as in [46]-[48] for high input voltage low input current application. 
                                     (5-15)
where Ioff is the current value of Q1 is turned off and toff,SW is the turn off transition time which is found by Saber simulation. 
The body diode of SR starts to conduct when the channel of Q1 starts turning off. 


[bookmark: _Ref440382732][bookmark: _Toc440548029]Figure 5.14. Equivalent circuit from t4 – t5.
f. Interval 4: t5 to t6
From time t5, SR1 is turned on with zero voltage across it. The converter enters the free-wheeling period, which is the same as the time interval before to and Q2 and SR2 will be switched for next half switching cycle. Because of symmetry of the half bridge current doubler operation, the rest of the switching intervals will not be discussed here. 
Even though ZVS can be obtained and switching losses and reverses recovery losses are eliminated based on the discussion in this section, extra auxiliary components losses occur to the converter. In the next section, the auxiliary losses are analyzed and the method to improve light load efficiency is discussed. 
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5.3.1. [bookmark: _Toc440547903]Losses under constant charging time of auxiliary inductor
[bookmark: _Toc438566604]Based on earlier discussion, the intervals 1 and 2 are the key transitions to realize zero voltage turn on of primary MOSFETs. During interval 1, energy is stored in the auxiliary inductor, which is released to junction capacitances during interval 2. The current in the auxiliary inductor is discharged during interval 3. Energy losses will occur during the interval charging and discharging the auxiliary inductor, mainly conduction loss of auxiliary MOSFETs and diode which can be calculated as in (5-16) and (5-17), receptively. The auxiliary inductor (La) is an air core inductor formed with printed circuit board (PCB) traces which will be discussed in detail in Section 5.4.2, therefore, the conduction losses of La is ignored here.
                                                     (5-16)
                              (5-17)
where IRMS_AUX and IAVG_AUX are the RMS and average value of auxiliary current, which can be further calculated in (5-18) and (5-19) and RAUX_M is the on-state resistance of the auxiliary MOSFETs and VF_D and RAUX_M are the forward voltage drop and resistance of the auxiliary diode. Usually the resonant duration is much shorter than the charging and discharging period, therefore, the current value is assumed to be constant from t1 to t2.  
                 (5-18)
                          (5-19)
where tc, tr and tdc are the charging time, resonance time and discharging time of the auxiliary inductor, which is the time duration from t0 to t1, t1 to t2, and t2 to t3 in Figure 5.7, respectively. 
For the on-board power supplies, the electric loads demand high current (30 A) at low voltage (1 V), which means a considerable amount of current is flowing through the auxiliary components to achieve ZVS, making the losses in auxiliary components non-negligible. When the charging timing of the auxiliary inductor is determined and being fixed, the losses of auxiliary components are also fixed regardless of the loading condition of the converter. The constant auxiliary components’ losses mean the percentage of the auxiliary components’ losses increases as load decreases. Therefore, the light load efficiency is compromised by the constant charging time method. 
In the meantime, the constant auxiliary components’ loss is not the only factor that worsens the light load efficiency, the SR devices turn off losses also increase as load decreases. Figure 5.15 presents the theoretical current waveforms of the output inductor, SR device and auxiliary inductor with constant charging time of the auxiliary inductor. It clearly indicates that as load reduces, the SR devices are turned off with a larger current through them, resulting in an increased turn off loss when load is lighter as in (5-8). 
At the same time, if a constant dead time is implemented in the converter, the conduction period of primary MOSFETs’ body diode is longer as the load becomes lighter. As indicated in (5-11), a larger difference between Isap and  leads to a faster discharging of junction capacitances. Therefore, the converter experiences an increased body diodes conduction loss as load reduces. Adjusting the dead time can solve this issue, but it increases the complexity of the controller.


(a) Heavy load


(b) Light load
[bookmark: _Ref439260224][bookmark: _Toc440548030]Figure 5.15. SR waveforms under different load conditions with constant charging time method.
5.3.1. [bookmark: _Toc440381859][bookmark: _Toc440383943][bookmark: _Toc440384206][bookmark: _Toc440385083][bookmark: _Toc440402445][bookmark: _Toc440405352][bookmark: _Toc440456066][bookmark: _Toc440547904]
5.3.2. [bookmark: _Toc440547905]Proposed load dependent charging time method
The essential part to realize zero voltage switching of primary side MOSFETs is the resonance between MOSFET junction capacitances and auxiliary inductance between t1 and t2 discussed in the last section. In order to achieve ZVS, the energy stored in the auxiliary inductance must be equal or greater than the energy stored in the output junction capacitances of MOSFETs expressed in (5-20).
                             (5-20)
As (5-20) indicates, the energy stored in the auxiliary inductor is related to the difference between the auxiliary current and output current. Therefore, the optimal design with minimum auxiliary losses is that energy stored in the auxiliary inductor equals to the energy stored in the junction capacitances in all the load conditions. Therefore, the optimum design is to keep a constant, which means when load current reduces, Isap reduces correspondingly. For a given auxiliary inductance, it means a shorter charging time of the auxiliary inductor. The desired charging current and corresponding charging time can be calculated as in (5-21) and (5-22), which clearly indicates that to store the same amount of energy in the auxiliary inductor as in the junction capacitances, the charging current and charging time is related to the load condition.
                                           (5-21)
                                         (5-22)
Figure 5.16 is the theoretical current waveforms of output inductor, SR devices and auxiliary inductor with the proposed load dependent control. When the output inductor current reduces, the auxiliary MOSFET is triggered to turn on later, which means the auxiliary inductor is charged for a shorter period of time (tcharge). The difference between the auxiliary inductor and output inductor current is constant regardless of the load. Therefore, the losses in the auxiliary circuit are reduced, the turn off loss of SR devices is not increasing, and the constant dead time can be used in the converter as the load reduces in the proposed method.


(a) Heavy load


(b) Light load
[bookmark: _Ref439271568][bookmark: _Toc440548031]Figure 5.16. SR waveforms under different load conditions with load dependent charging time method.
After the necessity of adjusting the charging time being established, Figure 5.17 indicates the controller design of the load dependent ZVS method and Figure 5.18 illustrates the key waveforms of the controller. A commercial half bridge controller IC (UCC 28250) is used to generate the control signals Q1, Q2, SR1C and SR2C. A large dead time between SR devices’ turn off (SR1C and SR2C in Figure 5.17) and primary devices’ turn on (Q1 and Q2 in Figure 5.17) is programmed on the controller IC so that the falling edges of  SR1C and SR2C can be used to generate gate signals for Sa1 and Sa2. In order to consider the load condition, a comparator between inductor current (iL1 and iL2 in Figure 5.17) and the RC delayed falling edge (SR1C_D and SR2C_D in Figure 5.17) is used to generate the turn on signal for Sa1 and Sa2. A larger load leads to a sooner cross over between SR1C_D and IL1 (same for SR2C_D and IL2) which will trigger the comparator sooner to create a longer charging time of La. The multivibrator is set to be rising edge triggering, therefore, the rising edge of the comparator (when IL1 becomes larger than SR1C_D as t1 in Figure 5.18) will trigger the multivibrator to turn on for a given time, the falling edge (when IL1 becomes smaller than SR1C_D as between t6 and t7 in Figure 5.18) will not trigger the multivibrator. Also, a falling edge delay circuit is implemented so that SR1 and SR2 will have a suitable dead-time. 

[bookmark: _Toc438554228]
[bookmark: _Ref439082454][bookmark: _Toc440548032]Figure 5.17. Control scheme of load dependent soft switching method.


[bookmark: _Ref439082686][bookmark: _Toc438554229][bookmark: _Toc440548033]Figure 5.18. Gate signal sequence for load dependent soft switching half bridge current doubler. 
As indicated in Figure 5.17 and Figure 5.18, the inductor current or load current information is necessary to adjust the charging time of the auxiliary inductor. DCR current sensing method (shown in Figure 5.19), which is widely adopted for the on-board power supplies, is implemented for the half bridge current doubler [81][82][83]. The DCR is the DC equivalent resistance of the inductor, which is not added to the circuit as an extra sensing resistor. When   is satisfied, the voltage across the capacitor, CCS, is proportional to the inductor current as (5-23). Then the signal is fed to an op amp to get larger signal and become the positive input to the comparator. Therefore, the current information can be obtained with no extra component losses. 
                                                   (5-23)


[bookmark: _Ref439265679][bookmark: _Toc440548034]Figure 5.19. DCR current sensing of output inductor current.
Based on the discussion in this section, a load dependent zero voltage switching method is necessary to improve the light load efficiency, and the method to generate the desired gating sequence and sensing output inductor current is also covered. In the next section, a prototype is built to verify the proposed method. 
5.4. [bookmark: _Toc440547906] Converter design for proposed method
5.4.1. [bookmark: _Toc440547907] Power stage design
A laboratory prototype has been designed and built to verify the proposed method. The system specifications of half bridge current doubler are listed in Table 5.1. 
[bookmark: _Ref440384397][bookmark: _Toc440548563]Table 5.1. Specification of half bridge current doubler.
	Parameter
	Value/ Part number

	Input voltage
	66 V

	Output voltage
	1 V

	Output power
	30 W 

	Output current 
	30 A

	Switching frequency
	280 kHz


The transformer is designed with printed circuit board winding at 6:1 primary to secondary turns ratio. The winding is designed with primary and secondary side interleaved as shown in Figure 5.20  [66][67] to reduce the leakage inductance in the half bridge current doubler which causes resonance with the junction capacitances. Non-gapped cores are used to obtain large magnetizing inductance to limit the magnetizing current as discussed in Section 5.2. Planar cores E/PLT core E 14/3.5/5 and PLT 14/5/1.5 are selected with 4 oz (140 µm) copper windings. The leakage inductance and AC resistance is 63 nH and 76 mΩ at switching frequency, respectively as presented in Figure 5.21.  


[bookmark: _Ref439266848][bookmark: _Toc438554237][bookmark: _Toc440548035]Figure 5.20. Interleaved winding structure.


[bookmark: _Ref439493518][bookmark: _Toc440548036]Figure 5.21. Measured transformer leakage inductance and AC resistance.
Other components including primary and secondary side MOSFETs, output inductors and capacitors used in the half bridge current doubler are listed in Table 5.2. 
[bookmark: _Ref439267226][bookmark: _Toc440548564]Table 5.2. Components in half bridge current doubler.
	Components
	Part number/ Value

	Q1 and Q2
	AON7296

	SR1 and SR2
	BSC010NE2LS

	C1 and C2
	4.7 µH

	Output inductor
	220 nH

	Output capacitor
	500 uH


5.4.2. [bookmark: _Toc440547908] Auxiliary circuit design
The auxiliary inductance together with the charging time (duration (t1 –t0) in Figure 5.7) determines the auxiliary current (Isap in Figure 5.7) and then determines if energy stored in the auxiliary inductor () is enough to discharge the junction capacitances completely for the primary MOSFETs. Therefore, the value of the auxiliary inductance is not strictly defined because the charging time can be adjusted to accommodate the actual value of the auxiliary inductance in order to store enough energy. 
Figure 5.22 shows the relationship of the auxiliary inductance and the ratio of Isap to IL in order to have enough energy stored. Then, the charging time can be calculated correspondingly as presented in (5-7). Since the auxiliary inductance is in the range of nH, an air core inductor from turns formed on a printed circuit board using traces as the turns is designed. The actual auxiliary inductance based on an impedance analyzer’s measurement is 22 nH.  
[image: ]
[bookmark: _Ref439267935][bookmark: _Toc440548037]Figure 5.22. Relationship between auxiliary inductance and the ratio between desired auxiliary charging current and output inductor’s current.
Unlike the buck converter, the leakage inductance (Lleak) is part of the resonant network in the half bridge; therefore, it impacts the ZVS behavior of the primary side devices. Figure 5.23 shows the equivalent circuit during the resonant period (t2-t1), and Figure 5.24 shows the relationship between the minimum duration of this interval (t2-t1) and the ratio of leakage inductance to the auxiliary inductance reflected to the primary side (Lleak / n2La) with zero leakage inductance being unity based on Saber simulation. As a high step down converter with large transformer turns ratio, the leakage inductance needs to be much larger compared with the auxiliary inductance to impact the resonance. Based on the prototype measured, Lleak / n2La is less than 0.1, which means it has very limited impact on the resonance. Schottky diode DSS40-0008D and MOSFET BSZ036NE2L are selected as the auxiliary diode and MOSFET, respectively. 
5.4. [bookmark: _Toc440381864][bookmark: _Toc440383948][bookmark: _Toc440384211][bookmark: _Toc440385088][bookmark: _Toc440402450][bookmark: _Toc440405357][bookmark: _Toc440456071][bookmark: _Toc440547909]


[bookmark: _Ref439166453][bookmark: _Toc438554234][bookmark: _Toc440548038]Figure 5.23. Equivalent resonant circuit during interval 2 (as in Figure 5.7).


[bookmark: _Ref439269519][bookmark: _Toc438554235][bookmark: _Toc440548039]Figure 5.24. Relationship between the leakage inductance and resonance time (t2-t1) in Figure 5.7.
5.5. [bookmark: _Toc440547910]Experimental verification
Based on schematic of the proposed method in Figure 5.6, the gate of the auxiliary MOSFETs is connected to the drain of SR MOSFETs, which means a floating gate driver is required. However, as the specification indicates, the drain voltage of the SR MOSFETs is below 6 V, therefore, a 12 V driving voltage directly connected to ground is used in this paper. Even when the SR MOSFET is off, there is still enough gate voltage to keep the auxiliary MOSFETs on with a slightly higher Rds(on). The complexity of the gate driver circuit is greatly reduced. 
Figure 5.25 through Figure 5.30 show the zero voltage switching (ZVS) of primary side MOSFETs under different load conditions with the proposed load dependent ZVS method as the drain to source voltage (Vds) has been discharged to zero before the arrival of gate voltage (Vgs). Neither the MOSFETs’ current nor the auxiliary inductor’s current are measured in the experiments directly, mainly because measuring the currents would introduce extra inductance to the circuit. As the leakage inductance of the transformer is 60 nH and auxiliary inductance is around 30 nH, therefore, the measuring wire’s inductance would make a difference. The charging time is indicated by the overlap between secondary side devices’ (Vgs_SR2) and auxiliary devices’ gate signal (Vgs_sa2) as the auxiliary inductor is only being charged when both of them are on. From the experimental results, it can be clearly seen that ZVS of primary side devices can be achieved over a wide load range, and the charging time is dependent on the load condition, which prevents charging the auxiliary inductor to an unnecessarily large value and increasing conduction loss of the auxiliary MOSFETs and diode and turn off loss of SR devices as in the constant charging time method. 
In the meantime, constant dead time is implemented in the controller for all the loading conditions. It can be seen the junction capacitances can be completely discharged and almost no body diode conduction of primary side MOSFET regardless of the load conditions as illustrated in Figure 5.25, Figure 5.27 and Figure 5.29.


[bookmark: _Ref439144145][bookmark: _Toc438554238][bookmark: _Toc440548040]Figure 5.25. ZVS for primary device with 29 A load current.


[bookmark: _Toc438554239][bookmark: _Toc440548041]Figure 5.26. Charging time for auxiliary inductor with 29 A load current.


[bookmark: _Ref440209397][bookmark: _Toc438554240][bookmark: _Toc440548042]Figure 5.27. ZVS for primary device with 18 A load current.


[bookmark: _Toc438554241][bookmark: _Toc440548043]Figure 5.28. Charging time for auxiliary inductor with 18 A load current.


[bookmark: _Ref439144186][bookmark: _Toc438554242][bookmark: _Toc440548044]Figure 5.29. ZVS for primary device with 6 A load current.


[bookmark: _Ref439269569][bookmark: _Toc438554243][bookmark: _Toc440548045]Figure 5.30. Charging time for auxiliary inductor with 6 A load current.
Figure 5.31 illustrates the charging time of the auxiliary inductor under different load conditions based on experimental testing. The charging time reduces when load reduces as designed. One thing to notice is that in the experiments, it actually requires longer charging time to achieve ZVS in all the load conditions, therefore, longer charging time is implemented in the experiment compared with analysis. However, this difference does not impact the load dependent operation; it simply means a larger Isap is needed to obtain ZVS under all load conditions. The longer required charging time is because of the parasitics in the converter which are not being considered in calculation. 
[image: ]
[bookmark: _Ref439144625][bookmark: _Toc438554244][bookmark: _Toc440548046]Figure 5.31. Experimental charging time under different load conditions.
Figure 5.32 shows the efficiency comparison among different control methods, including conventional hard switching, constant charging time of the auxiliary inductor which is obtained under full load condition and proposed load dependent charging method. Dead time between primary and secondary side devices is not being adjusted based on load condition for all three the cases. It clearly shows that the proposed method has higher efficiency compared with the other two methods in a wide load range. Even with conventional hard switching half bridge current doubler, the full load efficiency is over 88%, which is 3% point higher than the conventional architectures with state of the art products. Therefore, the architecture of HV POL itself can improve the efficiency without advanced wide bandgap (WBG) devices or ZVS control techniques.
[image: ]
[bookmark: _Ref439269794][bookmark: _Toc438554245][bookmark: _Toc440548047]Figure 5.32. Experimental efficiency comparison among proposed load dependent charging time, constant charging time and conventional hard switching. 
Figure 5.33 shows the transient performance of the proposed method when load changes. The time scale for load step up is 4 µs/ div and for load step down is 10 µs/ div. Charging time (tcharge) is indicated by the overlap of ON signal between the auxiliary MOSFET (VGS_Sa2) and SR MOSFET (VGS_SR2). It can be seen that the charging time changes with the load current changing automatically. It takes several switching cycles for the control to respond to the load change, mainly because inductor current is used for the load condition in the controller, which is not as fast as the output current to the load. However, after several switching cycles, the proposed method can adjust the charging time to a desired value and offers a higher efficiency compared with constant charging time method.


(a) Load stepping up


(b) Load stepping down
[bookmark: _Ref439148609][bookmark: _Toc438554246][bookmark: _Toc440548048]Figure 5.33. Transient of proposed load dependent charging method.
Based on the experimental results, the proposed load dependent zero voltage switching method can improve the efficiency of the half bridge current doubler compared with both hard switching and constant charging time method. Also, the proposed controller can adjust the charging time automatically when the load changes.
Even though the method is proposed for the half bridge current doubler in the HV POL converter in power supplies for data centers, the method can easily be applied to the synchronous buck converter (stepping 12 V down to 1 V) used in POL converter in the conventional power supply architectures where the turn on loss is also a dominant loss of the converter. 
The method can also be applied to converters not typically used in power supplies but also a PWM converter, such as boost, buck boost, SEPIC, Cuk and so on. 
5.6. [bookmark: _Toc440547911]Summary
Half bridge current doubler is selected as the converter topology in an input series output parallel (ISOP) connected system used in the high voltage point of load converter (HV POL) for data center power supplies in order to improve the overall system efficiency from 400-VDC to 1-VDC.  Based on loss analysis, symmetrical control is selected as it offers higher efficiency compared with asymmetrical control.  
A control method has been proposed so that zero voltage switching (ZVS) of primary side MOSFETs can be achieved which eliminates the major drawback of symmetrical controlled half bridge converter being a hard switching converter. A load dependent ZVS method has further been proposed and analyzed to indicate the mechanisms which improve light load efficiency compared with constant charging time method in particular for the on-board power supply converters. 
The converter design including device selection and transformer design together with the auxiliary components selection has been accomplished. A hardware prototype has been built to verify the proposed soft switching methods. Based on the experimental results, the proposed method can adjust the charging time of auxiliary inductor automatically based on load condition and thus higher efficiency is observed for the proposed method in comparison with conventional hard switching and constant charging time method. Therefore, the proposed soft switching method is an effective method to increase the entire load range efficiency.  













6. [bookmark: _Toc440547912]Input Series Output Parallel Connected Half Bridge Current Doubler with Adaptive Voltage Positioning (AVP) Control 
As discussed in earlier chapter, in order to fulfill 400 V to 1 V conversion, a six phase input side in series and output side in parallel (ISOP) connected converter is implemented. Based on the discussion in the earlier two chapters, a half bridge current doubler is selected because it has: (1) comparable efficiency with the phase shift full bridge converter, (2) lower devices count and smaller cores for the transformer, (3) smaller footprint and (4) lower cost.  
In this chapter, the design and implementation of a six phase interleaved converter is performed. Adaptive voltage positioning (AVP) control is also analyzed for a half bridge current doubler to meet the strict voltage regulation requirement of the on-board power supply. The mismatches in the ISOP system have been analyzed and simulated. In the end, the experimental results are given to verify the feasibility of the proposed architecture.
Table 6.1 shows the specification of the system and the key components selection of the ISOP system.
[bookmark: _Ref439842044][bookmark: _Toc440548565]Table 6.1. Specification of ISOP system.
	Parameter/ Components
	Value

	Input voltage (V)
	66 

	Output current (A)
	200

	Switching frequency per phase (kHz)
	280

	Output inductor (nH)
	220

	Output capacitor (µF)
	4700 

	ESR of output capacitor (mΩ)
	0.8


6.1. [bookmark: _Toc440547913]Modeling of input series output parallel (ISOP) connected half bridge current doubler
In order to design AVP control, the transfer function of input series output parallel (ISOP) connected half bridge current doubler is derived in this section. First, the state space model and transfer function of single phase half bridge current doubler is analyzed. Then, the ISOP connected system is simplified into a single converter with proper scaling and is verified through simulation. 
6.1.1. [bookmark: _Toc440547914]Modeling of single half bridge current doubler
The operation of a half bridge current doubler can be separated into three intervals ignoring the leakage inductance of the transformer and switching transition [84]. The state space equations are shown in (6-1) and (6-2). Based on state space analysis, the state variable x, input u and output y is defined as (6-3) through (6-6). All the variables are marked in Figure 6.1. 
                                    (6-1)
                                                               (6-2)
                                              (6-3)
                                                                  (6-4)
                                                             (6-5)
                                        (6-6)


[bookmark: _Ref440399698][bookmark: _Toc440548049] Figure 6.1. Half bridge current doubler with state space variables.
1. Mode I :Q1 is ON and Q2 is OFF
During this interval, Q1 is ON and Q2 is OFF as shown in Figure 6.2. The state space equations during this time are expressed in (6-7) through (6-9). The primary MOSFETs’ resistance is ignored from the discussion because the primary current is small, then the voltage drop on primary MOSFETs is also small. For high input voltage application here, it is fine to ignore the primary MOSFETs’ resistance. 


[bookmark: _Ref440399876][bookmark: _Toc440548050]Figure 6.2. Mode I: Q1 is ON and Q2 is OFF.

    (6-7)
                                                    (6-8)
                                             (6-9)
2. Mode II : Q2 is ON and Q1 is OFF
During this interval, Q2 is ON and Q1 is OFF as shown in Figure 6.3. The state space equations during this mode are expressed in (6-10) through (6-12).


[bookmark: _Toc440548051] Figure 6.3. Mode I: Q1 is OFF and Q2 is ON.

  (6-10)
                                              (6-11)
                                           (6-12)
3. Mode III : Both Q1 and Q2 are OFF
During this interval, both Q1 and Q2 are OFF as shown in Figure 6.4. The state space equations during this mode are expressed in (6-13) through (6-15).


[bookmark: _Ref440399949][bookmark: _Toc440548052]Figure 6.4. Mode III: Both Q1 and Q2 are OFF.


(6-13)
                                                   (6-14)
                                             (6-15)
An average state space model is expressed and shown in (6-16) and (6-17) with the switching period being T and duty cycle for Q1 and Q2 being d1 and d2, respectively based on the above analysis for each operation stage. 
                                    (6-16)
                                                               (6-17)
where 


In the small signal analysis: , , , , , where X, Y, Vin, D1 and D2 are steady state value, and     is the small signal disturbance. 
Based on the analysis, the duty cycle to output transfer function can be calculated as (6-18). Duty cycle to output transfer function of the single phase half bridge current doubler is plotted as the solid line in Figure 6.5.  
    (6-18)
[image: ]
[bookmark: _Ref440400014][bookmark: _Toc440548053]Figure 6.5. Bode plot of half bridge current doubler.
6.1.2. [bookmark: _Toc440547915]Modeling of input series and output paralleled (ISOP) converter
With common duty cycle control of input series output paralleled (ISOP) converter as shown in Figure 6.6, only a single compensator is implemented in the system; therefore, it is possible to represent the ISOP converter with a single converter. Based on the analysis in [59], under the conditions that 1) all the cells are identical and 2) input capacitor is sufficiently large, the ISOP system can be represented by single converter. 


[bookmark: _Ref440400200][bookmark: _Toc440548054]Figure 6.6. Control diagram of common duty cycle controlled ISOP converter.
Figures 6.7 and 6.8 are the Simplis simulation comparison between two phase interleaved half bridge converter transfer function and equivalent single phase half bridge current doubler after scaling. The input voltage of the single phase converter is ½ and the load is the same as two phase converter. With interleaving control, the output inductor of the single phase should be ½ of the inductance as the inductance in the two phase converter and the switching frequency is two times the switching frequency of single converter [85]. As shown in Figure 6.7 and Figure 6.8, the two transfer function are almost the same except for a small variation at the switching frequency, which is not important in terms of regulating the output voltage because the control bandwidth is much lower than the switching frequency. Therefore, it is possible to design the compensator based on a single converter. The mismatches of components in the circuit will be discussed in a later part of this chapter.
[image: ]
[bookmark: _Ref440400343][bookmark: _Toc440548055]Figure 6.7. Bode plot of two phase interleaved half bridge current doubler.
[image: ]
[bookmark: _Ref440400345][bookmark: _Toc440548056]Figure 6.8. Bode plot of equivalent single phase half bridge current doubler.
6.2. [bookmark: _Toc440547916]Adaptive voltage positioning (AVP) control of half bridge current doubler
Adaptive positioning control (AVP) control as shown in Figure 6.9 is implemented for the on-board power supplies [86]-[90]. AVP control allows the voltage spikes to be the entire voltage tolerance window while the constant output voltage control only allows the voltage pulse being half of the voltage tolerance window. With the small voltage window for on-board power supply, AVP can accommodate a larger voltage pulaw and simplifies the compensator design.


[bookmark: _Ref440400495][bookmark: _Toc440548057]Figure 6.9. Transient with and without AVP control.
Based on the operation principle of AVP, the converter can be simplified with a constant voltage source (Vmax) in series with a resistance (R) as shown in Figure 6.10. Therefore, controlling the converter with constant output impedance is the key feature to realize AVP [86]. 


[bookmark: _Ref440400681][bookmark: _Toc440548058]Figure 6.10. Equivalent circuit of POL converter.
Based on earlier discussion, the six phase ISOP system is simplified into a half bridge current doubler with scaling for compensator design. The control diagram is presented in   Figure 6.11 [87]. A sum of the actual output voltage (Vo) and the droop voltage (Vdroop= Rdroop×IO) is compared with a constant reference voltage (Vref) to realize AVP control.


[bookmark: _Ref440400881][bookmark: _Toc440548059] Figure 6.11. Implementation of AVP control of half bridge current doubler.
Based on small signal analysis, the open loop output impedance of the half bridge current doubler is expressed as following:
                                           (6-19)
where, , , ,  , and .
The small signal control block diagram of AVP control shown in Figure 6.11 is illustrated in Figure 6.12. Ti and Tv are the loop gain functions and they are defined in (6-20) and (6-21) [87]. 


[bookmark: _Ref440400902][bookmark: _Toc440548060]Figure 6.12. Small signal block diagram of closed loop half bridge current doubler.
                                             (6-20)
                                 (6-21)
The output impedance transfer function Zoi is defined as current loop closed but voltage loop open is shown in Figure 6.11, where Gii(s) is the inductor current to load current transfer function and Gid(s) is the inductor current to duty cycle transfer function, Gvd(s) is the duty cycle to ouput voltage transfer function, Gig(s) is the input voltage to inductor current transfer function, GCOM(s) is the compensator’s gain, and Fm is the modulator’s gain. With current loop closed, the output impedance is actually increased compared with the open loop output impedance Zo. 
                                       (6-22)
Equation (6-23) shows the output impedance Zoc (shown in Figure 6.11) with both voltage and current loop closed. Based on (6-23), T2(s) defined as  (as shown in (6-24)) is the outer loop gain of the converter which determines the control bandwidth and phase margin of the HV POL. Therefore, in order to reach constant output impedance Zoc(s), T2(s) needs to be properly designed. Then, based on (6-18), (6-19) and (6-22), the desired compensator GCOM (s) can be designed.
                      (6-23)
                                                          (6-24)
At high frequency beyond the control bandwidth of the compensator, the output impedance cannot be controlled and eventually becomes the ESR of the output capacitor. In order to achieve constant output impedance over frequency range, the droop resistance in the control loop (RDROOP) should be equal to the ESR of the output capacitor, RESR. Therefore, the output impedance will be controlled to be RESR for the entire frequency range. Figure 6.13 illustrates the theoretical relationship among Zo Zoi and Zoc [86][87]. As Intel requires 0.8 mΩ output impedance [90], output capacitor with 0.8 mΩ ESR is selected. 


[bookmark: _Ref440401414][bookmark: _Toc439223780][bookmark: _Toc440548061]Figure 6.13. Comparison of Zo Zoi and Zoc.
Clearly shown in Figure 6.13, beyond the ESR frequency of the output capacitor ωESR, the open loop output impedance becomes RESR which means no compensation is required. Therefore, the bandwidth of T2(s) should be the ESR frequency of the output capacitance [86]. Also, under the following two assumptions, (1)  and (2) when ω< ωESR, T2 can be approximated by (6-25) [87]. 
                                                               (6-25)
At the same time, Zoc can be further simplified by (6-26) with T2(s) being simplified in (6-23).
                                                              (6-26)
From (6-26) it can be seen that in addition to the ESR of the output capacitor, the inductor current to output current transfer function (Gii) also impacts the closed loop output impedance. As indicated in Figure 6.14, a larger inductance leads to a lower cutoff frequency (ω0) of the output filter in the half bridge current doubler. As the control bandwidth is defined as fESR, which means at the desired control bandwidth, the compensator designed for larger output inductance needs to have larger gain compared with the converter with smaller output inductance, which leads to a larger duty cycle variation. In order to prevent the duty cycle saturation when load transient occurs, there would be a limitation on the maximum value of the output inductance as expressed in (6-27) [86]. 


[bookmark: _Ref440401657][bookmark: _Toc440548062]Figure 6.14. Gii(s) comparison with different output inductance.
                                                (6-27)
Based on the above analysis, the desired compensator would have two requirements: (1) high gain at low frequency, (2) T2(s) crossover at ESR frequency. Therefore, a pole at origin is implemented in the compensator to have high gain at low frequency. A type III compensator is implemented and the outer loop transfer function T2 is presented in Figure 6.15 with the crossover frequency of 42 kHz, which is the same as the fESR based on components selection in Table 6.1. The switching frequency of a single converter is 280 kHz and with interleaving among phases, 42 kHz control bandwidth can be easily obtained for the ISOP system. 


[bookmark: _Ref439606403][bookmark: _Toc439223781][bookmark: _Toc440548063]Figure 6.15. Outer loop gain T2(s).
The three impedances are also plotted in Figure 6.16 based on the designed compensator, from which we can see almost constant closed loop output impedance is achieved with slight variation around the cutoff frequency of the converter’s output filter.


[bookmark: _Ref439619931][bookmark: _Toc439223782][bookmark: _Toc440548064]Figure 6.16. Analytical output impedance comparison among Zo , Zoi and Zoc.
Based on the analysis in this section, it can be seen that the proposed HV POL can be controlled with constant output impedance, which is the key feature to meet the adaptive voltage positioning (AVP) requirement of the on-board power supply. 
6.3. [bookmark: _Toc440547917]Common duty cycle control of ISOP converter with mismatches
Earlier discussions are all based on the assumption that the components in the input series output parallel (ISOP) connected system have identical values with common duty cycle control. However, mismatches are inevitable in reality. In this section, the impact of mismatches among modules is analyzed in two aspects, (1) the impact on current and voltage sharing among the modules and (2) the impact on output voltage regulation performance of the ISOP system considering the compensator is designed under the identical components assumption. 
For simplicity of analysis, two phase interleaved ISOP connected converter is analyzed here instead of six phases as presented in Figure 6.17. However, the same principle can be applied to the six phases’ case. Furthermore, any mismatch in the two phases ISOP system is more apparent compared with the same mismatch in a six phase ISOP system. Therefore, the impact of mismatch is most severe in two phase ISOP system which is discussed here.


[bookmark: _Ref440385003][bookmark: _Ref440402635][bookmark: _Ref440402357][bookmark: _Toc440548065]Figure 6.17. Two phase ISOP connected half bridge current doubler.
6.3.1. [bookmark: _Toc440547918]Sharing among phases with mismatches
As the two modules are ISOP connected, then the even sharing of input current and output voltage is enforced and (6-28) and (6-29) are satisfied under any circumstance assuming the two modules have comparable efficiency: 

                                                    (6-28)
                                                   (6-29)
where n1 and n2 are the turns ratio of each converter, Deff1 and Deff2 are the effective duty cycle of each converter, VC1, VC2 , IL1 and IL2 are the input voltage and output current for each converter as marked in Figure 6.17.
Also, the effective duty cycle can be calculated as (6-30) and (6-31). Even though the same duty cycle is applied to both converters, different leakage inductances will cause different duty cycle losses as they take different amount of time to be charged and discharged [20]. Therefore, different effective duty cycles are seen by the two converters, which will cause uneven sharing eventually.  
                                        (6-30)
                                        (6-31)
Rewriting (6-28) and (6-29) with (6-30) and (6-31) plugged in, input voltage and output current of two modules can be expressed as:
                                               (6-32)
Based on (6-32), input voltage and output current sharing depends strongly on the following parameters in the circuit: transformer turns ratios (n1 and n2), leakage inductances (Llk1 and Llk2). The effect of these elements will be discussed one by one in the following section. Based on (6-32), the input voltage and output current have the same sharing ratio; in the following discussion, only output current sharing will be discussed.
Besides steady state sharing, transient sharing is also important to ensure stable operation of the ISOP system. Therefore, current sharing between two phases during a load transient has been simulated with PSIM. 
1. Transformer turns ratio mismatch
First, only the difference in transformers’ turns ratio is considered, leakage inductance and output inductance are the same in the two converters. As in Figure 6.17, converter 1’s turns ratio is 7:1 and converter 2’s turns ratio is 6:1. This difference is set on purpose to show how turns ratio affects current sharing as in (6-30). Leakage inductance for both converters is 0.1 µH and the output inductor is 220 nH. From Figure 6.18, it can be seen that converter with a higher turns ratio carries higher current both in steady state and during transients.
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[bookmark: _Ref439842458][bookmark: _Toc440548066]Figure 6.18. Output current sharing for different turns ratio.
However, for a planar transformer with printed circuit winding, it is almost impossible to have turns ratio mismatch between modules. Even if there is some mismatch, it is fairly easy to discover and eliminate by selecting transformer with the same turns ratio. Therefore, the mismatch caused by transformer turns ratio can be neglected. 
2. Transformer leakage inductance mismatch
For different leakage inductances, the duty cycle losses on the two converters are different, therefore, the effective duty cycles are different on the two converter modules (the duty cycle from the controller are the same for the two modules). Based on (6-28) and (6-29), the input voltage and output current will show some mismatch in the two converter modules. Unlike transformer turns ratio difference, leakage inductance difference exists in the transformer design and fabrication even with advanced transformer techniques and it also includes the connection between the transformer and the power stage, therefore, it is necessary to evaluate the effectiveness of common duty cycle control for the ISOP converters. Figure 6.19 shows the mismatch caused by leakage inductance alone (Llk1=0.2 µH and Llk2=0.1 µH) while other parameters are the same (n1=n2=6 and LO11=LO12=LO21=LO22 =220 nH in Figure 6.17) in the ISOP system. The difference minor even for the large variation of leakage inductances as shown in Figure 6.19 in both steady state and during transient. Even though leakage inductance tends to be different between modules, its influence on current sharing is limited. 
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[bookmark: _Ref439842542][bookmark: _Ref440402859][bookmark: _Toc440548067]Figure 6.19. Output current sharing for different leakage inductance.
3. Output inductance mismatch
Even though the output inductor is not a factor impacting steady state current sharing in (32), the output inductor is a key element for transient performance of the ISOP system. Therefore, different output inductances have also be simulated to show the influence on current sharing of the ISOP converter. The transformer turns ratio and leakage inductance is the same in the two modules, while LO11=440 nH and LO12=LO21=LO22 =220 nH as in Figure 6.17. It clearly shows that the steady state average current sharing is the same with current ripples between the two modules being different. Current during transient is not even between the two modules. The converter with both output inductances being 220 nH has a faster transition with slight overshoot while the converter with one inductance being 440 nH experiences a slower transition without overshoot. The difference between the two modules is minor and current values of both modules are still within the designed margin even for the unrealistic large variation of output inductors.
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[bookmark: _Ref439842569][bookmark: _Toc440548068]Figure 6.20. Output current sharing for different output inductance.
Based on simulation results, common duty cycle control of input series and output parallel (ISOP) connected converter is capable reaching steady state even with mismatches in the circuit. 
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6.3.2. [bookmark: _Toc440547926]Impact on output performance of ISOP system with mismatches
Besides the sharing among modules, the output transient performance might also be different with mismatched modules compared with identical modules when the same compensator is used. Because of the strict dynamic voltage regulation requirement of the on-board power supplies, the possible impact of mismatches among modules on the output voltage regulation is investigated here. The closed loop transfer function depends on both the power stage transfer function and the compensator’s gain. Since the compensator stays the same with common duty cycle control, the amount of variation in the power stage transfer function of the ISOP system can represent the amount of variation in the closed loop transfer function with or without mismatches. If the power stage is hardly being impacted by the mismatches among modules, with the same compensator, the output voltage regulation performance will also be unaffected. The transfer function of the ISOP system with mismatched modules has also been simulated by Simplis software and compared with a system with the same parameters. 
Similar to the earlier section, three mismatches are evaluated in the circuit: 1) transformer turns ratio, 2) leakage inductance, and 3) output inductor. Out of the two phases ISOP connected system; one module is operated with the designed values under all the conditions, and the other module with one parameter changing at a time. Therefore, the impact of the particular component can be clearly observed though simulation. 
1. Transformer turns ratio mismatch
Figure 6.21 shows the transfer function from duty cycle to output voltage with different transformer turns ratio in the ISOP system. The green curve (in the middle) shows when the two modules have the same turns ratio, which is the condition for which the compensator is designed, while the blue is the one module with one less primary side turn and red with one more primary side turns. Based on Simplis simulation, it can be seen that the impact of the transformer turns ratio on the ISOP system’s transfer function is relatively minor and most of the difference is below the double pole frequency of the output filter which can easily be compensated by having a pole at the origin in the compensator. Therefore, the compensator designed with identical components in the two modules is capable to regulate the output voltage as desired even with the different transformer turns ratio in the ISOP system.



(a) Gain


(b) Phase
[bookmark: _Ref440403721][bookmark: _Toc440548069]Figure 6.21. ISOP system with unbalanced transformer turns ratios.
2. Transformer leakage inductance mismatch
Figure 6.22 show the transfer function from duty cycle to output voltage of the ISOP system with different leakage inductances between the two modules. The blue line in the plots is for both modules having the same leakage inductance, and the green line and red line is for one module to have five times and ten times larger leakage inductance compared with the other module, which is unrealistically large and is used here to observe the differences. Similar to transformer turns ratio, the difference is minor and most occurs before the double pole of the output filter. Therefore, with the origin pole in the compensator, the minor difference can be ignored from the closed loop transfer function, which also indicates the compensator designed works well even with different leakage inductances between two phases in the ISOP system.


(a) Gain


(b) Phase
[bookmark: _Ref439843094][bookmark: _Toc440548070]Figure 6.22. ISOP system with unbalanced leakage inductance.
3. Output inductor mismatch
Figure 6.23 shows the transfer function from duty cycle to output voltage of the ISOP system with different output inductors. The green line is which all the four output inductors being the same in the two phase interleaved half bridge current doubler. The blue line is when one inductor out of the four is ½ of the rated value and the red line is when one inductor becomes 2 times of the rated value. Also, the difference simulated here is larger than the tolerance from the inductor vendor. The inductor used here has 10 % tolerance. The difference of transfer function when mismatches of output inductance exist is still minor (less than 5% for both gain and phase under the same frequency) even with unrealistically large mismatches in the ISOP. The difference will become even smaller with more phases adding to the ISOP system. Therefore, the compensator designed with identical inductors should still be valid even with different output inductance in the ISOP system.


(a) Gain


(b) Phase
[bookmark: _Ref439843140][bookmark: _Toc440548071]Figure 6.23. ISOP system with unbalanced output inductors.
Based on the above analysis, even though the mismatches among modules are inevitable, 1) the unbalance will not cause unstable operation of ISOP system and thus stable operation can be assured; 2) even though current sharing among phases in uneven, the factor that contributes most is the transformer turns ratio which is almost impossible to be different from one another, other mismatches have limited impact on current sharing; 3) all those mismatches has very limited influence on the ISOP system’s transfer function; therefore, it is valid to design the whole system’s compensator based on equivalent single phase circuit which is implemented here.
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6.4. [bookmark: _Toc440547933]Experimental verification
The ISOP connected system is tested starting with one phase and gradually increased to six phases. The components such as MOSFET, inductor and transformer are not pre-selected so that they would have identical parameter, and, therefore, certain mismatches exist in the system, yet stable operation can be achieved with common duty cycle control. 
 Transient testing is also performed when load is changing between 10% and 100% of the rated output power. When more phases are added to the system, the load also becomes heavier correspondingly, therefore, the transfer function of the ISOP system is changing at the same time as shown in Figure 6.24 where the duty cycle to output transfer function is plotted from one all the way to six phases. During the process of adding more phases, the compensator is tuned to meet the AVP requirement.



[bookmark: _Ref439843203][bookmark: _Ref440404681][bookmark: _Toc440548072]Figure 6.24. Transfer function of multiphase ISOP connected converter.
Even though, with ideal AVP control, no overshoot or undershoot would occur during the load transient, however, in reality, overshoot and undershoot will still occur and Intel has defined the requirement of overshoot as shown in Figure 6.25 [90]. When a load transient occurs, the overshoot should not exceed the maximum voltage (when no load is connected) for more than 25 µs. 
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[bookmark: _Ref439843229][bookmark: _Toc440548073]Figure 6.25. Overvoltage requirement during load transient.
Figure 6.26 and Figure 6.27 are the experimental results of six phases ISOP HV POL with 200 A output current, which is beyond the current requirement from Intel (100 A) [90]. A zoomed in transition when the load is charging from 100% to 10% is also given to show the output voltage meets the overshoot requirement. The overshoot time and voltage is based on the maximum voltage where no load is connected to the converter as Vccmax in Figure 6.25. The voltage values without load in Figure 6.27 are obtained by adding the voltage change between 0% and 10% load to the voltage values with 10% load. For example, in the six phases testing as in Figure 6.27, Vccmax is obtained by adding 16 mV to the voltage level with 10% load. Therefore, the baseline in the zoomed in waveforms which is the blackline in Figure 6.27 are higher than the voltage level with 10% load. Also, the dynamic current change (195 A) for the proposed six phases ISOP HV POL is beyond the dynamic current change defined by Intel (95 A), which adds difficulty to meet the requirement defined based on 100 A to 5 A change. Yet, with the proposed HV POL, dynamic requirement is still being satisfied.  
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[bookmark: _Ref440526380][bookmark: _Toc440548074]Figure 6.26. Output voltage and current transient between 10% and 100% load with six ISOP phases.


[bookmark: _Ref440404772][bookmark: _Toc440548075]Figure 6.27. Zoomed in overshoot voltage during load stepping down with six ISOP phases.
Based on the experimental results, it shows that the single power stage power conversion architecture with the input series output parallel connected half bridge current doubler is capable to achieve adaptive voltage positioning control. At the same time, the ISOP system does not require extra tuning of converters to assure stable operation, which simplifies the system design. Combined with discussion in Chapter 5, the single power stage also helps to increase the system efficiency. Therefore, single power stage HV POL is capable of meeting on-board power supply requirement with higher efficiency compared with conventional architecture.
6.5. [bookmark: _Toc440547934]Summary
In this chapter, the six phase input series and output parallel (ISOP) connected half bridge current doubler to realize high voltage point of load (HV POL) with adaptive voltage positioning (AVP) is built in prototype and tested. 
First, the transfer function of the ISOP system is derived based on state space model and properly scaling the components and frequency. Second, the compensator to realize adaptive voltage positioning control on a half bridge current doubler is analyzed. Constant output impedance can be obtained with a conventional type III compensator. Third, the impact of mismatches among circuit modules is performed on both current and voltage sharing among modules and the accuracy of designed compensator is verified under identical components assumption. Based on simulation results, the ISOP system is not sensitive to circuitry mismatches and stable operation can be obtained with large mismatches. In the end, the experimental results are given to prove that the proposed architecture is capable to meet the on-board power supplies requirement with a higher efficiency compared with state of the art products. 
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7.1.1. [bookmark: _Toc440547940]Summary of the work
In this dissertation, an alternative power supply architecture for data centers is proposed in order to increase the efficiency and to reduce energy cost from the high voltage DC (HVDC) distribution voltage to the electric load on the motherboard.
Various power supplies architectures are available in the market, however, all of which contains several power stages in series. The overall efficiency of the power supply system becomes the product of each stage’s efficiency. Even though, a single stage’s efficiency may be decent (> 90 %), the overall system efficiency is limited.  
In order to achieve higher efficiency, in this dissertation, a single stage power supply architecture is proposed converting from 400 V to 1 V directly with the capability of isolation, regulation and voltage transformation. Input series and output parallel (ISOP) connected structure is implemented with interleaving control so that 1) single converter can be designed with a lower transformer turns ratio which helps to reduce winding loss, 2) higher equivalent switching frequency can be achieved with the potential for higher control bandwidth. 
Within the structure of input series and output parallel structure, two converter topologies are considered, phase shift full bridge converter and half bridge current doubler. For the phase shift full bridge converter, hardware prototypes are built with both Si and GaN devices targeting higher efficiency. The impact of primary side MOSFET’s junction capacitances on the phase shift full bridge converter’s operation and efficiency is analyzed and verified through experiments. The full load efficiency of the proposed method can reach 89.1%.
In chapter 5, a half bridge current doubler is also implemented for the proposed architecture. Both symmetrical and asymmetrical control is evaluated based on the requirement specifications. Simulation and analysis shows that the symmetrical control has better efficiency even though asymmetrical control allows zero voltage switching (ZVS) of the primary side devices under heavy load condition, yet it means higher RMS current and duty cycle loss. A load dependent soft switching method for primary devices is proposed with the help of an auxiliary circuit including an air-core inductor, a diode, and two active switches is proposed which allow ZVS for the entire load range. A prototype has been built and proposed method is verified through experiments. It proves that the proposed soft switching method provides higher efficiency compared with both conventional hard switching and constant charging time soft switching proposed in the literature. The full load efficiency of the proposed method is above 90 %, which is about 4 % higher than the power supplies architecture available on the market.
In chapter 6, the six phase input series output parallel connected half bridge current doubler is designed and built and it has higher efficiency compared with full bridge phase shift converter and lower device count and footprint. Adaptive voltage positioning (AVP) is a key feature of on-board power supplies, therefore, the compensator design of half bridge current doubler is analyzed in detailed to meet the AVP requirement. Also, the mismatches among the ISOP connected system is simulated in PSIM and Simplis, which indicates that with common duty cycle control, mismatches are allowed in the system to reach stable operation and to ensure the accuracy of the compensator even though the compensator is designed with identical modules. All in all, the ISOP structure is not sensitive to mismatches in the system of the half bridge current doubler, which is favoring the system since mismatches are inevitable in reality. In the end, the hardware prototype testing results are giving from one phase to six phases. The experimental results indicate that the proposed architecture is capable to behave as the on-board power supply modules.
7.1.2. [bookmark: _Toc440547941]Contributions
The contributions of this work are summarized as follows:
1.  A single stage power supply architecture is proposed to improve the power supply efficiency from 400 V to 1 V directly, expecting to reduce power delivery and power conversion losses at the same time.
2. The impact of output junction capacitance of primary side MOSFETs in the phase shift full bridge converter on the transformer current and converter’s efficiency is analyzed and verified in experiment.
3. A load dependent soft switching method is proposed for half bridge current doubler which allows higher efficiency compared with conventional hard switching and found in the existing literatures.
4. Adaptive voltage positioning control has been successfully applied to half bridge current doubler topology and proves the proposed idea is feasible for on-board power supplies.
7.2. Future work
The following areas can be considered as future work in order to more fully develop a HV POL converter.
1. At this time, Oscon capacitor is used for transient testing. The ESR of the Oscon capacitor is much larger than the ceramic capacitor, which means the ESR zero of the Oscon capacitor is at much lower frequency than the ESR zero of ceramic capacitor with same ESR. Table 7.1 shows an example [87]. With adaptive voltage positioning, the control bandwidth is the same as the ESR of the output capacitor. Therefore, the full potential of the proposed architecture with interleaved control is not reached with Oscon capacitor. Replacing the Ocson capacitor with ceramic capacitor can help reduce the volume of the whole converter.
[bookmark: _Toc440548566]Table 7.1. Comparison between Oscon and ceramic capacitors
	Capacitor type
	Capacitance (µF)
	ESR (mΩ)
	ESR frequency (Hz)

	Oscon
	9840 (820x12)
	1 (12/12)
	16.17 k

	Ceramic
	200 (100x2)
	0.75(1.5/2)
	1.1 M



2. Even though the input series output parallel connected structure is insensitive to the circuit mismatches, still the mismatches will cause uneven sharing among phases, which would require larger margins to accommodate the mismatches. Overdesign will increase the cost of the system and sacrifice the efficiency, therefore, active current and voltage balance among phases would be useful to implement in the system to ensure even sharing among phases with existence of mismatches.
3.  In the ISOP connected system, a current sensor is implemented for each inductor; therefore, twelve current sensors in total are required to get accurate current information, which increases the cost and complexity of the whole system. Therefore, other current sensing method like input current sensing which can reduce the number of current sensors would be a useful way to simplify the circuit. 
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