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ABSTRACT 
 
 With the interest in RF (radio frequency) and HPM (high power microwave) 

directed energy applications growing, rapid capacitor charger technology has advanced to 

meet the input power management parameters to these systems.  Current mode control is 

seen as a desirable control method for the power inverter to quickly charge the capacitor 

bank.  An analog current mode control platform has been demonstrated at the P3E 

(pulsed power and power electronics) Laboratory.  Engineering design advancements 

have resulted in optimization for power density.  Further developments in current mode 

control have yielded: 1) a current mode control approach that allows multiple inverters to 

be stacked for high power (100 kW capability) applications 2) a digital peak current 

mode control approach that allows for adaptive slope compensation with a reduction of 

analog peripheral circuitry.  The method to handle slope compensation for the peak 

current mode control has also progressed along with the hardware developments.  To 

artificially adjust the current upslope into the CS pin of the analog IC, the initial use of a 

BJT emitter follower matured into an op-amp circuit for a more eloquent solution.  .  The 

digital peak current mode control was then implemented with a dsPIC controller and 

demonstrated specifically with a pulse forming network charging application.  The digital 

control method continuously monitors the peak output current and adjusts the current 

limit with relation to the PWM duty cycle.  The continued development of these control 

methods has led to a digital control platform that shows improvements over the analog 

method while still providing peak current mode control with stable operation at duty 

cycles greater than 50%.   
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CHAPTER 1: MOTIVATION 
 
 Pulsed Power systems employ a strategy where energy is stored over time (in the 

form of electrical energy in capacitors) and then discharged at a much faster rate.  

Repetitive systems require a power supply that can quickly source large amounts of 

energy before the start of the next cycle.  Higher repetition rates place higher constraints 

on the power supply design. Rapid capacitor chargers are thus an integral part of many 

pulsed power systems. These power supplies have been shown to provide charging 

voltages in the range of 20-100 kV while still allowing repetition rates from a few Hertz 

to hundreds of Hertz.     

 One such pulsed power application utilizes EMI radiation from pulsed microwave 

sources. The bursts of electromagnetic energy incapacitate electronics by destroying the 

semiconductor junctions of the device(s).  Figure 1 is a mock-up of a system (located on 

the luggage rack of the Hummer) manufactured by APELC (Applied Physical Electronics 

LC) for use as car stopper.  The microwave radiation pulse emitted from the antenna 

disrupts the microprocessor that controls the car’s engine.   

 
Figure 1: APELC Car Stopper Mock-up 
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 Not just repetition rate or charging voltage but form factor of the entire system 

especially the rapid capacitor charger is paramount.  Transitioning the system from 

stationary laboratory equipment to mobile vehicle units is an engineering challenge. 

 There are a number of advantages to further explore the current mode control 

technologies developed at Texas Tech University to benefit Rapid Capacitor Charger 

Technology. [1] One strategy is to use the previously developed current mode control 

inverters and stack them in parallel to increase the power output.  A higher rated power 

supply can source a greater sized directed energy load or even support a new mobile 

application.  The second strategy is geared toward increasing flexibility in control 

method.  A fully programmable digital current mode control can lend itself to 

customizing the control to cater to specific parameters of capacitor charging. 
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CHAPTER 2: BACKGROUND 
 

2.1 Current Mode Control 
 

 Power electronics control schemes for inverters and converters fall into two major 

categories: voltage mode control and current mode control.  Voltage mode control only 

tracks the output voltage.  Figure 2 shows a voltage mode PWM controller which utilizes 

an error amplifier and comparator in the feedback loop. 

 
Figure 2: Voltage Mode Controller Schematic [2] 

  
Current mode control monitors both output current and output voltage directly 

with an inner output current feedback loop and an outer output voltage loop.  The outer 

voltage loop is simplified from a voltage mode control design.  The inner current loop has 

a fast response to control the inductor current.   

 Current mode control does suffer from a more complex design due to dual 

feedback loops.  The ability to directly monitor the current can be accomplished by a 

current-sensing resistor or a CT (current transformer).  However this direct monitoring, 

even with having to use discrete components, is seem as an advantage compared to 

voltage mode control that only indirectly monitors current when there is a large enough 

change in current that affects the output voltage.[2]   
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Line voltage regulation and load current regulation have both tighter tolerances as a result 

of current mode control.  Flux imbalance of the transformer is also prevented. Due to the 

fact that current is directly sensed, if the flux in the core represented by the B-H curve 

were to become off center, the current-sensing resistor would turn off the switch sooner 

and in the next half cycle the switch would have the full on-time of the period to correct 

the core flux and prevent saturation.   Additionally with multiple power supplies in 

parallel, the direct current sensing shares the load current equally across all.  This feature 

allows for multiple power supplies to be stacked in parallel providing a much higher total 

load current than is capable in a single supply. 

 Current Mode Control can be further broken down into two types of control 

schemes: average and peak.   The two subcategories are exactly what the names imply.  

Peak current mode controls the peak current of the switch (or in the case of an output 

inductor its current) in the power supply and average current mode controls the average 

current of the switch.  A schematic representation of a standard peak current mode 

controller is seen in Figure 3 [3]. Peak current mode control compares a predetermined 

current set level against the upslope of the inductor current.  When the instantaneous 

current reaches the programmed setpoint, the comparator turns off the switch.      

 

 
Figure 3: Peak Current Mode Controller Schematic [3] 
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Peak Current Mode Control specifically suffers from the peak to average current 

ratio effect.  By maintaining a constant peak inductor current, the average inductor 

current (and also load output current) does not remain constant.  By not being able to 

keep the average output current constant, even slight changes in the input voltage lead to 

changes in the output voltage and are not corrected in the outer voltage loop by the 

voltage error amplifier. Each change in input voltage will cause an oscillation of the 

output voltage. This problem presents itself especially in wide duty cycle changes since a 

change in duty cycle will only shift the average current value and not the peak current 

value.  The undesired result is sub-harmonic instability of the converter and can be 

mitigated by implementing slope compensation.  Slope Compensation is implemented in 

peak current mode controllers to prevent these sub harmonic oscillations for cases where 

the duty cycle exceeds 50%.   The typical implementation is to inject a compensation 

ramp into the comparator.  This compensation ramp is usually equal to the down slope of 

the current through the inductor.  

Average current mode control goes a step further than peak current control and 

directly controls the average current at the output. A high gain integrating current error 

amplifier compares the desired output current from the outer voltage loop with the actual 

inductor current.  The current is tracked much more accurately than in the peak mode 

control and slope compensation is not needed for average current mode control.  Rather a 

compensation network about the current error amplifier is optimized for the limitation of 

control loop gain at the switching frequency.  Furthermore the average current mode 

control has excellent noise immunity.  Figure 4 is a schematic of an average current mode 

controller. 
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Figure 4: Average Current Mode Controller [3] 

 
It should be noted that the above discussions of current mode control are for 

general power supply implementations with constant voltage output requirements and not 

specifically for fast capacitor charging applications. As discussed in more detail below, 

for high power density capacitor charging applications, tight control of the peak current 

in the power semiconductors is critical to prevent device damage since the devices have 

very short thermal time constants. 

2.2 Power Supply Switching Topologies 
 
 There are two forms of topologies used in a switching inverter.  Hard Switching 

relies on toggling the switch under conditions where current and voltage are present 

across the switch.  On the other hand, resonant switching ideally toggles the switch in 

cases where there is either zero voltage or current across the switch. Figures 5 and 6, 

show standard circuits for the hard switching and resonant topologies respectively. [4] 

2.2.1 Hard-Switching 
 
 EMI (electromagnetic interference) is a concern for hard-switching supplies.  The 

transients associated with switching propagate throughout the circuit and cause unwanted 
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side effects to operation of the power supply.  Great care in design needs to be practiced 

to curtail transients in hard-switching topologies in order to prevent low power efficiency 

operation and the potential for catastrophic failure of the switch. By reducing stray 

inductances and capacitance in design of the PCB (printed circuit board) and part 

selection, the ringing effects due to the RLC network are reduced. 

 

 
Figure 5: Hard Switching Topology 

The addition of snubber capacitor circuits in parallel with the switch removes 

stresses from the switch and places them internally to the snubbers.  The snubber circuit 

reduces transient voltage spikes and/or current spikes (depending on design) helping to 

limit switching losses and thus improving power efficiency.   

 Furthermore the power efficiency is limited by the switching frequency.  

Switching losses increase proportional with the switching frequency.  Switching 

frequency is limited to around 50 kHz in hard-switching topologies before power 

efficiency becomes a concern.  Trade-off analysis in the design phase tends to operate the 

switching frequency at a point where conduction losses dominate over switching losses 

thus making the switching losses near negligible.  Conduction loss is an inherit property 
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to a switch where the loss is defined as the current passing through the on-resistance of 

the switch.  [5]        

2.2.2 Resonant 
 
Resonant topologies utilize soft-switching techniques to operate the switch-mode 

power supply. Soft switching operates the power supply switching by centering the 

operation of the switching event near the resonance of an LC network.  This technique 

reduces switching losses compared to hard switching topologies and allows for increased 

switching frequencies by an order of magnitude. (approaching 500 kHz)  EMI is 

suppressed since the turn on/off waveform of the switch is “smoothed” reducing 

transients.   However conduction losses tend to be greater in resonant topologies 

requiring higher rated switches for a given application. 

 
Figure 6: Resonant Charging Topology 

With increased switching frequency, magnetics are reduced in volume and can 

increase power density.  However, even factoring in the inherent inductance referred to 

the primary of the step-up transformer, a discrete component (inductor or capacitor) must 

be in series with the input of the transformer to achieve resonance.  For high-current 

power supplies these components are bulky and are the limiting factor for high power 

density designs. [5] 
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2.3 Digital Current Mode Control Background 
 
 Digital current mode control is an attractive design goal for many different power 

electronics especially types of DC-DC converters.  A major advantage compared to 

analog current mode control is the programmability of digital control.  Programmable 

control eliminates analog components and adds functionality not capable in analog 

counterparts.  Digital Control has not been a tangible option until more recent 

technological advances in microcontroller and DSPs (digital signal processors) came to 

fruition. [6]   

 The difficulty in implementation comes with being able to continuous monitor the 

current of the switch or inductor digitally.  For continuous current sensing, the current 

waveform needs to be tracked on the order of the switching frequency. Direct monitoring 

is tasked by an analog-to-digital (A/D) converter.  This A/D needs to be fast enough to 

capture multiple samples within a single switching cycle and then the signal processed.  

The digital control can be accomplished easier in a hard-switching topology as opposed 

to a resonant topology due to the slower speed of the switching waveform but still needs 

a sampling rate at minimum in the tens of kHz.     

 Since this method can be computationally intensive and also can be limited by the 

speed of an A/D converter alternative methods have been researched.  To solve limitation 

in on-board controller A/D converter resolution, external A/D converters have been 

added to microcontrollers as well using more expensive but computationally faster DSP 

architectures.  A way to capture fast switching currents is to predict the current rather 

than continuously monitor.    Using varying modulation techniques, valley, peak, and 
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average current control laws have been developed and tested for up to a 200 kHz 

switching frequency. [7, 8] 

2.4 Rapid Capacitor Charger Background 
 
Development of rapid capacitor chargers began in the P3E (Pulsed Power and 

Power Electronics) Laboratory at Texas Tech in the late 1990s.  Hard-switching 

topologies with IGBT (insulated gate bipolar transistor) H-bridge have been the standard 

for the RCC technology.   

 The first constructed system was designed to charge a 6.66 µF capacitor bank in 

the matter of 40 ms.  The Power Inverter utilized two 1200V 1200 A Semikron 

SkiiPPACK IGBT half-bridge modules.  Control of the H-bridge was tasked by a 

Motorola 68HC12A0 microcontroller.  Input bulk capacitance for charge buffering 

consisted of six modules totaling 18000 µF composed of electrolytic capacitors.  The 

transformer operated at 10 kHz with a single primary and secondary having a turns-ratio 

of 1:60.Each diode in output rectification is actually made up of 64 discrete diodes along 

with a capacitor and resistor balancing pair in parallel with each discrete diode to 

accomplish equal voltage sharing.   Figure 7 shows the assembled RCC hung in a 

standard size 19-inch cabinet. [9] 
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Figure 7: RCC 19-Inch Cabinet Side and Front View 

RCC research transitioned to build PCB (printed circuit board) based inverters 

with a circular design to increase power density and adapt to the packaging of the Marx 

generator representing the load.  More cylindrical electrolytic capacitors could be packed 

onto a circular PCB versus a square shape.  Further engineering work was also done to 

decrease form factor. The smaller size and weight was vital for an entire system for HPM 

radiation including a compact Marx generator and vircator load in the same aluminum 

tube.  Three different diameter size RCC inverters were produced with increasing power 

handling capabilities: 5-inch diameter, 8-inch, and 12-inch. Figure 8 shows the 8- inch 

inverter board and Figure 9 shows an associated charging waveform with 20 kV charging 

voltage setpoint and 100 Hz rep-rate. [10, 11] 
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Figure 8: VMC 8-Inch Inverter 

 
 

 
Figure 9: VMC Charging Waveform 

All major components of the RCC were designed to fill a smaller cylindrical area. 

The H-bridge inverter, transformer, and rectifier all were greatly reduced in size 

compared to the very first design described in [9].  The H-bridge IGBT half-bridge 

modules were reduced in current handling capacity to still be suited for charging a 

capacitor bank the size of a compact Marx (high nF, low µF) and fit within the form 

factor.  IGBT modules for the 8 inch and 12 inch inverter used 1200V 300A half bridges, 

part number SKM300GB063D, made by Semikron. The 5 inch inverter used a slimmer 

package and lower current handling capability of 195 A, part number SKM195GB063D. 
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The high voltage transformer saw the most changes and was developed by Stangenes 

Industries.  The multiple changes included measures to reduce the size and for reducing 

parasitic effects.  The material of the core transitioned from a steel core to a nano-

crystalline material.  The operational frequency design parameters were increased from 

10 kHz to 30 kHz to reduce size.  Additionally the number of secondary windings was 

increased from one winding to six highly coupled secondaries.  The addition of multiple 

secondaries reduces the number of turns per secondary relative to the primary.  The 

benefit of this change is a reduced parasitic winding capacitance projected to the primary 

of the transformer and a resulting higher self resonant frequency.  Finally with a six 

secondary transformer a custom rectifier was designed by HVCA (High Voltage 

Components Associates), now Dean Technology.   The custom rectifier is a string of six 

balanced cascaded full-bridge diode rectifiers.  Further development split the six terminal 

rectifier brick into two separate three terminal bricks to fit lengthwise into the required 

diameter form factor. [12, 13] 

 In the recent past, the RCC technology was improved through collaborative work 

by adding current mode control to the aforementioned H-bridge inverter design.  By 

implementing CMC, the high power inverter is essentially representing a pure current 

source to the capacitor(s) being charged.  This is beneficial as any size capacitor(s) can be 

charged without adapting the inverter, which is inherently a voltage source to specific 

load capacitors using look-up tables.  The previous designs used voltage mode control 

and for any specific charging event, the capacitor needed to be known and a look-up table 

hard-coded before charging.  Further improvements will be discussed in detail that have 

improved the both the form factor and overall operation of the current mode control since 
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2009. Figure 10 shows the extent of the current mode control up to that point with the 

current mode control circuitry populated on a secondary PCB referred to as an “anchor” 

board.  Typical single Shot RCC waveforms are shown in Figure 11.  In this particular 

case, the DC Bus was charged to 150 Volts and a charging voltage of 14 kV was 

demanded.  Both the HV Tektronix P6045 voltage probe and the HV-feedback divider 

show similar an exponential rise during charging of the 300 nF load. Furthermore a 

Pearson 5046 current monitor tracked the current.  The current peaked at near 300 amps 

at the initiation of charging and reduces to near 100 Amps by the time of the voltage set 

point is reached. [1] 

 
Figure 10: Inverter Board with Attached CMC Anchor Board 
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Figure 11: Typical Single Shot RCC Waveform 

Slope compensation is implemented in analog circuitry along with the Intersil IC 

for peak CMC.  Figure 12 shows the schematic representation of the initial slope 

compensation method.  The CT (oscillator timing capacitor) pin output is fed through an 

emitter-follower to the CS (current sense comparator) pin.  The BJT amplifier topology 

buffers the voltage of the CT pin to prevent loading down the internal source.  The 

transistor provides a current gain to the emitter output and is adjustable with the 

potentiometer at the base. (Rslope2)  By turning down the pot, reducing the resistance, a 

higher current gain is achieved.  The comparator has a threshold of 0.6V corresponding to 

the peak current.  The slope compensation is achieved by boosting the slope of the signal 

out of CT to reach the 0.6 V threshold at CS more quickly and allow for the signal to 

return to zero before the next period.   

 

330000  AA  

1144  kkVV  

55  VV  



                                                          Texas Tech University, Travis Vollmer, August 2012 
 

16 
 

 
Figure 12: Initial Implementation of Slope Compensation with Intersil ISL6741 

Figure 13 shows the limitations of this analog method.  The simulation shows the 

effect of adjusting the base resistor of the emitter-follower.  By adding the emitter-

follower, the zero level of the signal is not preserved and an offset is present.  However 

this design does allow for varying the amount of slope compensation but only manually 

by turning the potentiometer. 

 

 
Figure 13: Adjusting Base Resistor Value 

For completeness, RCC technologies have been developed at other institutions.  

Many other scholarly works have focused on resonant charger topologies.  By focusing 

on resonant topologies, the goal of the RCC research is to create an increasing power 

dense charging power supply.  By increasing power density, thermal management 
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becomes an ever increasing engineering concern including thermal management of the 

passive components of the resonant circuitry.  These problems might negate some of the 

advantages of the resonant design approach.  Various resonant charger topologies have 

been funded by Armed Forced Laboratories including work at Virginia Tech and with 

Jain at Analog Power Design, Inc both for the Army Research Laboratory. (ARL)  

Current research at NRL (Naval Research Laboratories) to build 10 kV RCC modules for 

railgun capacitor banks is also of interest.   Multiple papers about this technology were 

recently presented at the 2012 Power Modulator Conference in San Diego, California.  

[14] 

Figure 14 shows an amorphous core transformer converter prototype rated for 5 

kW and a 49.7 W/in3 power density.  This work was developed by the group led by Dr. 

Lee at Virginia Tech University. This type of design incorporates the resonant 

components along with the voltage step-up transformer into the PCB.  The ability to fit 

all the components onto the PCB is a result of operating the MOSFET switch topology at 

frequencies into the hundreds of kHz.  By increasing the operating frequency, the 

physical size of the magnetics for the cores is greatly reduced.  [15]   

 
Figure 14: 5 kW 49.7 W/in3 Converter Prototype [15] 
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Figure 15 is the converter prototype developed by Jain et al.  This inverter is a 

stacked inverter approach in order to achieve the power rating of 350 kW.  For thermal 

management at these power density levels, the system needs to be actively cooled.  The 

resonant L and C components along with the transformer and rectifiers all are placed 

upon a cold plate [16].  

 

Figure 15: 350 kW 10kV MOSFET Converter for Capacitor Charging [16] 

It should be noted that even though our RCC designs all utilize a hard-switched 

topology, with proper current mode control the turn-on of the IGBTs at the beginning of 

each switching cycle occurs at zero current.  

2.5 Current Mode Control Modeling 
 

 In order to quantitatively understand the slope compensation requirements with 

peak current mode control, a model was developed using MathCAD software.  Not only 

can this modeling be used to understand how current mode control works but the model 
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can be applied to adjust the slope compensation for specific applications.   The first use 

of this model was to justify and better explain the necessity of using slope compensation 

with peak current mode control.  As previously stated, slope compensation is needed for 

instances when the duty cycle reaches 50% or greater in most cases.  The stability of the 

inner current loop is paramount for reliable operation of the power electronics. [17] 

 The parameters of the model adhere as closely as possible to the RCC topology 

experimentally developed in the laboratory. However, it was assumed that the trajectory 

of the inductor current is not limited by the resistance of the system which is consistent 

with experimental observations.  The DC bus is kept at 200 volts and the voltage seen at 

the capacitor referred to the primary of the step-up transformer is 120 volts.  The high 

voltage transformer has a leakage inductance of 20 µH referred to the primary.  The 

schematic of the basic circuit is seen in Figure 16.  The switching frequency of the H-

bridge is 20 kHz or 10 kHz per half-bridge. The duty cycle for this set of simulations is 

set to 85% in order to highlight a scenario where slope compensation is crucial to 

stability. 

 

Figure 16:  Circuit Schematic for Current Mode Control Modeling 

The associated current slope in relation to the pulse width modulated (PWM) 

signal is determined by the DC Bus voltage, the capacitor voltage, and the energy storage 

inductor .  The current up slope is determined by the difference between the DC bus and 
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the capacitor voltage divided by the inductor value of 20 µH during the PWM on-time, 

whereas, the current down slope is determined by the sum of the two voltages during the 

free-wheeling period after the PWM on-time. 

 The model uses a current limit which acts as the peak current level for the H-

bridge.  The rise time of the current is a function of the current limit divided by the up 

slope while the fall time is the current limit divided by the down slope.  The rise and fall 

time need to be less than the switching period if the current limit is reached to maintain 

stability.  The current limit is stepped from 160 Amps to 161 Amps to 162 Amps.  

Figures 17, 18, and 19, show the AC Current from the H-Bridge at each current limit 

respectively.  

 
 
 

Imax= 160A 

Figure 17: 160 Amp Current Limit Simulation 
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As the current limit increases it becomes apparent that the current is not able to return to 

zero before the next switching cycle.  Not only does this effect introduce non-zero current 

switching but also leads to further instability with each passing cycle.  A case where the 

down slope is compensated to return the current to zero before the next cycle will prevent 

Immaaxx==  116622AA 

Imax= 161A 

Figure 18: 161 Amp Current Limit Simulation 

Figure 19: 162 Amp Current Limit Simulation 
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the instability.  50% duty cycle is normally the point stated where slope compensation is 

required since at a minimum the down slope will equal the up slope.  However, in this 

model the down slope is 4 times greater than the up slope allowing for stable operation at 

duty cycles much greater than 50%. 

2.6 Current Limit Modeling 
 

Further modeling in MatchCAD has yielded a technique to calculate the current 

limit for peak current mode control. Continuing from the modeling in section 2.5, the 

current limit is related to the maximum duty cycle.  The MathCAD code for the current 

limit modeling can be found in the appendix. Equation 1 is mathematical formula to 

relate the current as a function of the duty cycle.  The period T1 (50 µs) is determined by 

the PWM generator switching frequency which in our case is 20 kHz.  The Lstorage (20 µH 

in our case) is the equivalent leakage inductance of the high voltage transformer referred 

to the primary.  The Vcapmax term is the maximum capacitor voltage to reach the current 

limit during the maximum duty cycle. The Vcapmax term can be substituted and the 

equation simplifies to the relationship seen in Equation 2.If the current limit is kept at or 

below the current limit given by Equation 2, the current will have time to decay to zero 

before the beginning of the next cycle and the current loop will be stable. 

퐶푢푟푟 (퐷푢푡푦 )=	 ∙ ∙( )	
_

   (1) 

 
퐶푢푟푟 (퐷푢푡푦 )=	 ∙ ∙ ∙ ∙ 	

_
    (2) 

 
 Figure 20 shows the MathCAD generated graph of the inductor current 

waveforms from the model using a sweep of capacitor voltages from 20% to 80% of 

maximum capacitor voltage noted in the Iprim function as Vch.  For the maximum duty 
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cycle of 80% and the current limit level of 160 A, the primary current waveforms reach 

the current level for the lower charge levels.  However as the capacitor voltage climbs 

near the maximum, the current levels never get near to reaching the current limit. In all 

cases the current is reaching zero before the start of the next switching cycle resulting in a 

stable operation of the current loop due to the proper selection of the current limit 

according to Equation 2. 

 

 
Figure 20:  Single Period Current Waveforms for Varying Capacitor Voltage 

Now using Equation 2 and plotting that versus a duty cycle sweep from 50% to 

90% yields the graph in figure 21.  This result forms the basis for the scheme to control 

the peak current digitally in Chapter 5.  The slope compensated control is vital for 

stability in the range of these duty cycles.  By manipulating the current limit (keeping the 

set current limit below the red line for a given duty cycle) as the duty cycle increases, the 

current is guaranteed to return to the zero level and prevent an unstable situation.  
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Figure 21: Current Limit Maximum for Specific Duty Cycle 

Further analysis can obtain the integral of the current for scenarios where the 

current limit is reached.  This number represents the area under the triangular shaped 

current in Coulombs.  The analytical expression for the total current integral can be 

reduced to the form in Equation 3.  If there is a residual current present in this analysis, 

the current level dipped below zero and is thus unstable.  Expressing the equation in 

terms of the “RiseTime” of the current is especially useful for real time computations 

since the current rise time can be measured by reading the PWM counter in the 

Comparator event interrupt service routine while accounting for the interrupt latency.  

 

퐶푢푟푟 = ∙ ∙
∙ ∗ ∙

    (3) 

 

2.7 Rapid Capacitor Charger Circuit Simulation 
 

 To better understand the rapid capacitor charger performance, a Pspice circuit 

simulation has been developed.  The simulation circuit seen in figure 22 closely mimics 

the topology of the built charger system down to the hardware components and controls 
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that govern the duty cycle for the PWM gate signals to the H-bridge with realistic first 

order IGBT models.    

 

Figure 22:  Circuit Topology Simulation 

Figure 23 shows the simulation probe waveforms for both the load capacitor 

voltage (top) and inverter output current (bottom).  The simulation is run until the voltage 

on the load capacitor reaches close to 100% charge.  The current limit level is initially 

reached during every cycle until the capacitor voltage is close to about 70%. Above this 

value, one can see the current limit reduce (narrowing of the current waveform envelope) 

over the course of the simulation as the voltage rises on the load capacitor.  As this 

current limit reduces less energy is transfer to the load and the slope of the voltage rise 

becomes shallower. The current waveform shown in Figure 23 confirms that if the 

capacitor is charged to almost 100% the upslope of the current is much shallower than the 

downslope as predicted by the MathCAD modeling and observed experimentally. 
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Figure 23: Load Voltage and Inverter Current Simulation Waveforms 
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CHAPTER 3: REVISIONS TO THE 10 kW 8-INCH INVERTER SYSTEM 
 

Further development has gone into the H-bridge Inverter PCB once single shot 

capabilities were confirmed with the original anchor board design.  Concentrated efforts 

went into eliminating the CMC anchor board and integrating the analog circuitry onto the 

inverter PCB.  Eliminating the anchor board is highly desirable for packaging of the RCC 

system. Overall power density is increased to the reduced footprint on the primary side of 

the transformer.  In the area where the anchor board had occupied, the microcontroller 

PCB and current monitor PCB can be relocated.  In addition the system reliability is 

improved since the power and signal connections between the anchor board and the main 

inverter PCB are eliminated. 

3.1 H-bridge Inverter Hardware 
 

Figures 24 and 25 show the top and bottom views of the single 8-inch (20.33 cm) 

PCB with integrated CMC peripherals respectively.  The two ultra fast IGBT half-bridge 

modules from Semikron have been upgraded to 400 Amp modules.  The grey capacitors 

from Electronic Concepts Inc. are 35 mF film capacitors located close to the IGBTs to 

prevent voltage overshoot upon IGBT turn-off.  The black electrolytic Panasonic 

capacitors provide bulk energy storage and total 11,400 µF.  The main CMC circuitry 

associated with the Intersil 6741 is located just below the white IGBT drivers in Figure 

24.  In order to maintain the 8-inch size, almost the entire surface of PCB was utilized.  

SMA connectors are used for the smaller footprint as opposed to BNC connectors.  

Components are also tucked under the IGBT drivers (Semikron SKHI22B-H4) and the 

DC-DC converter on the underside of the PCB shown in Figure 25.  The back plate of the 
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IGBTs is also very accessible with potential for thermal management solutions if so 

desired. [18] 

 

 
Figure 24: Top View of the 8-inch Inverter Module 
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Figure 25: Bottom View of the 8-inch Inverter Module 

  
The major change in the analog circuitry was the development of an op-amp 

analog solution for slope compensation.  Figure 26 shows the schematic with the second 

method of slope compensation.  This implementation is similar to the original method in 

that the signal slope from the CT pin is used to boost the signal going into CS.    In this 

method though a duo of op-amps is used, the first op-amp is an OP279 and the second an 

AD620.   

 The OP279 is a voltage follower op-amp and provides a buffer for the signal on 

the CT pin. The AD620 is an instrumentation amplifier with two inputs and a reference 

input. The two inputs to the AD620 are the output of the OP-279 and the zero level.  The 

gain of the instrumentation amplifier is set to 1 by not populating a resistor between pins 

1 and 8.  The zero level is an adjustable level derived from the resistive voltage divider 

from the reference voltage of the Intersil IC.  It is used to eliminate the DC bias present 
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on the signal on the CT pin. The level is adjusted by the potentiometer Rstr1, thus 

changing the divider resistance of the bottom resistor. The potentiometer Rsl2 provides 

the similar functionality of the base potentiometer in the first method.  By adjusting Rsl2, 

the amplitude of the slope compensation signal can be scaled.   The actual measured 

current signal is fed into the reference input of the AD 620 instrumentation amplifier. The 

potentiometer Rcstr1 is provided to adjust the voltage level from the nominal 1V/100A 

response of the current feedback sensor. 

 

 
Figure 26: Schematic of Revised Analog Implementation of Slope Compensation 

The implementation of the second analog method provides improved performance 

over the previous method.  Utilizing the adjustable zero level input into the AD620, the 

zero level of the slope compensated signal can be eliminated to remove any offset. 

However, once Rsl2 is adjusted, the upslope of the signal changes and   reintroducing an 
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offset such that  Rsl1 and Rsl2 need to be both adjusted.  In order to properly calibrate the 

slope compensation circuitry by means of the potentiometers, a oscilloscope needs to to 

used to get the correct amplitude and zero level for stable operation.  The use and fine 

adjustment of potentiometers for calibration of the slope compensation is seen as a 

drawback of  this analog method.   

3.2 Repetitive Charging 
 

Rep-rated operation of the RCC system is extremely important to test burst mode 

capability.  A repetitive charging circuit capable of achieving a quick discharge, while 

also handling the voltage built up at the load, is required.  Figure 27 shows the circuit 

tasked to dissipate the energy stored in the capacitor bank.  

 

 
 
 

 The low side thyratron switch holds the high power dump resistor above ground 

until the thyratron is triggered and the gap closes.  Once there is a path to ground 

 

 

Trigger  
Module  

 

 

Figure 27: Repetitive Charging Circuit 
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established, the energy is dissipated across the dump resistor. A high voltage (500 V – 

1500 V) trigger pulse is applied across the grid of the gas switch.  This provides a 

conduction channel and creates an avalanche effect that propagates from anode to 

cathode fully opening the switch.  Once the energy is dissipated from the capacitor bank 

current becomes zero and the thyratron opens once again.   

 Figure 28 shows some of the main components in the dissipating circuit.  (From 

left to right, trigger module, thyratron switch, dump resistor)  The trigger module is a 

TM-12A trigger module by EG&G.  The trigger generator has an output voltage control 

knob as well as a manual trigger button and an oscillator input to generate a 2 ms trigger 

pulse.  The trigger module is paired with a HY-3003 thyratron switch made by the same 

company and specifically designed to be used in tandem.  The typical operating 

parameters of the thyratron are 30 kV peak forward voltage, 3.5 kA peak forward current, 

and a max 350 Hz repetition rate.  All these parameters exceed the typical conditions of 

rep-rating the RCC.  Finally shown on the far right is the dump resistor.  This high power 

ceramic resistor has a value of 1kΩ and is more than capable of handling the power 

dissipation demands [19] 

 
Figure 28: Thyratron Switching Components 
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In order to interface the microcontroller and trigger module, a conversion needs to 

be made from the fiber optic transmitter on the microcontroller to the BNC oscillator 

input.  Figure 29 shows the stand alone converter tasked to convert the fiber optic TTL 

(transistor-transistor logic) signal.  The fiber line provides isolation from the high voltage 

side circuit, and a 9 volt battery is used as auxiliary power to prevent a common ground 

from the low voltage side to the high voltage side.  

 
Figure 29: TTL-BNC Isolated Converter 

The final piece of hardware needed for repetitive charging is a serial control 

terminal with a keypad and a display made by Two-Technologies.  This component adds 

flexibility and ease of use to charging events by enabling parameters such as charging 

time, number of shots etc. to be easily changed on the fly  rather than having to “hard-

code” the  charging parameters.  The keypad controller, Figure 30, interfaces to the 

microcontroller PCB through a RJ-11 connection.  The keypad uses three major functions 

that are needed for charging a capacitor.  The three variables functions are: charging time, 

number of shots, and charging voltage.  The 1 and 2 keys toggle the charging time up and 

down in increments of 5 ms between 5 and 50 ms.  The up and down arrow keys control 
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the number of total shots per charging event with the range between 1 and 10 shots. The 

charging voltage ranges from 5 to 30 kV with a 0.1 kV step size.  The enter key is the 

confirmation button to start a charging event.  Each parameter limit is set to add a layer of 

safety and prevent prolonged charging events.  Furthermore there is a lockout routine 

hard-coded to prevent the Enter key being pressed more than once a second.    

 
Figure 30: Keypad Controller 
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CHAPTER 4: SYNCHRONIZED INVERTER MODULES 
 

Even with the advancement of IGBT technology in the past 10 years, there are 

power limitations to what a pair of silicon IGBT half-bridges can reliably switch.  The 

limitation for a silicon H-bridge in burst mode is in the range of 10 kW even with 

aggressive cooling techniques.  Other techniques need to be explored in cases where 

higher power inverters are required for mobile charging applications.   

4.1 100 kW Capability Topologies 
 
 Various topologies are explored to potentially handle a 100 kW RCC system.  

Figure 31 shows the single inverter module platform to be built upon.  The AC H-bridge 

output is fed through the primary of the transformer and stepped up in voltage to the 

secondary into the high voltage rectifiers and converted to DC.  The DC voltage is then 

used to charge the load capacitor.  For the current mode control, the current is monitored 

on the input of the transformer while concurrently the voltage of the load capacitor is 

monitored as well.    The previously implemented current mode controlled H-bridge can 

be seen as a major advantage with the ability to share current when paralleling inverter 

outputs.   
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Figure 31:  Single H-bridge Topology 

In figures 32 and 33, a parallel topology, which will boost power output, is 

explored that will take full advantage of CMC.  Theoretically, with each package in 

parallel the power handling capability of the system is linearly increased by the 

incremental power capability of a single module.   Figure 32 is based around two H-

bridge packages in parallel, whereas Figure 33 shows four IGBTs half-bridge packages 

constituting one H-Bridge.  Even though CMC can equally share current, the gate drive 

signals must still be synchronized to allow for power multiplication and to prevent 

current cancellation. 
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Figure 32: 2 H-Bridge Parallel Topology 

 
Figure 33: 4 Half-bridge IGBTs Parallel Topology 

Figures 34 and 35 focus on utilizing an IGBT “six-pack” or a 3-phase packages 

that are very common for induction motor control.  The topology in Figure 34 would 

have a power handling capability 4/3 times the amount of the single H-bridge package 

with comparable ratings.  The challenge of this is in transformer design where three 

transformers need to be connected in a “Y” configuration.  
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Figure 34:  IGBT Six-Pack with Multiple Transformer Topology 

Figure 35 shows a topology with two six-pack IGBT packages in parallel and uses 

the same three transformer design as in the previous topology.  The power rating of this 

topology would be three times that of a single H-bridge with similar ratings but this 

topology too suffers from a complex transformer design. 

 
Figure 35: Dual IGBT Six-Pack with Multiple Transformer Topology 



                                                          Texas Tech University, Travis Vollmer, August 2012 
 

39 
 

After delving into the multitude of topology possibilities, a topology similar in 

design to Figure 31 was chosen to be built in the laboratory.  Figure 36 shows the 

modified design where two independent H-bridge modules like in Figure 32 with 

independent current monitors are feed into a multi-tapped primary of a transformer.  The 

switching output of each inverter module adds and creates ideally a stacked inverter 

topology with twice the power. (In this case 20 kW) [18] 

 
Figure 36: Implemented Parallel H-bridge Topology 

4.2 Synchronization 
 
 With a parallel H-bridge topology, the gate drive synchronization becomes the 

major engineering challenge.  If the gate drive signals are not properly in phase, the H-

bridge outputs can very well be subtractive rather than additive.  The ISL6741 PWM 

current mode controller IC (integrated circuit) has a feature named Synch where multiple 

ICs can be synchronized to the same PWM cycle such that the highest/higher frequency 
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of the individual IC frequencies becomes the new common frequency. The network on 

pins 12 (RTC), 13 (RTD), and 4 (CT) determines the operational frequency of the PWM 

cycle.  In Figure 37, the network is designed for a 30 kHz oscillator frequency.  This 30 

kHz frequency is twice the fundamental frequency of the H-bridge output of 15 kHz.   

Pin 5 of Intersil chip is wired through a SMA connector where multiple inverter modules 

can be daisy-chained together.  The number of modules that can be synchronized is 

theoretically limitless. 

 
Figure 37: ISL6741 Controller Schematic 

The synchronization of the PWM current mode controller is for the full frequency 

level (30 kHz) which represents one half cycle of the H-Bridge.  An internal toggle flip-

flop, as seen from the datasheet image in figure 38, flips the PWM signal to the 

corresponding diagonal in the H-bridge configuration.  However this internal flip-flop’s 

initial state is not known and could lead to 2 (or more) synchronized inverter modules 

being a 180 degrees phase shifted from one another.   
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Figure 38: PWM Toggle Intersil 6741[20] 

To prevent a scenario where inverters are phase shifted 180 degrees, an external 

toggle flip-flop was implemented in a PLD (programmable logic device) through the 

logic circuitry shown in Figure 39.  By resetting the external flip-flop at the beginning of 

each charging cycle, synchronization is achieved down to each half-cycle of the 

controller.  The hardware in Figure 39 also allows switching the drive signals 

intentionally to force out of phase conditions. Testing revealed that while out of phase 

conditions for 2 inverters results in near zero charging current, the current limit for the 

individual inverters prevented any damage to the hardware. 

 
Figure 39: PLD Implementation of External Flip-Flop 

4.3 Rapid Capacitor Charger Modular Hardware 
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A prototype has been constructed to provide the experimental basis for a 100 kW 

capable RCC system. This prototype centers on a custom transformer design with dual 

synchronized parallel 10 kW inverter modules.    

 Figure 40 shows two individual 10 kW H-bridge inverter modules with an SMA 

cable connecting the two Intersil chip oscillators through a synch line.  Both inverters 

share a common DC bus and each inverter has a separate CT (current transformer) PCB 

for current feedback ensuring proper current sharing.  [21] 

 

 
Figure 40: Two Inverters Connected by Synch Line 

The 100 kVA transformer, Figure 41, is custom designed by Stangenes Industries.  

The 2 in2   wide core of the transformer is made of nanocrystalline metal material.  All 

windings of the transformer are made of Litz wire to reduce increased resistance due to 

proximity and skin effect.  There a 12 highly coupled primary windings each with 7 turns 

around the core. For the HV output there are six secondary windings each with 175 turns.  
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With all secondary windings in series the overall turns ratio of the transformer is 150:1 

providing for charging voltages of up to 30 kV.  The volume of the transformer is 6” x 

5.5” x 12.5” and its weight is 25 pounds. [22]   

 
Figure 41: 100 kVA Stangenes Transformer 

The 100 kVA transformer was evaluated to obtain more information about its 

characteristics.  Figure 42 shows the result of typical testing with an oscilloscope 

waveform screen capture.  This particular test was run at 3 kHz noting the voltage (purple 

trace) and current (green trace) were measured and the B-H curve (pink trace) calculated 

with the known value of the cross sectional area of the transformer core.  The voltage was 

sensed with a 7 turn coil around the core.  By using a 7 turn sensing coil, the scaling gave 

a 1:1 ratio with the 7 turns of the energized primary.  The current was measured through a 

Pearson Coil model 110 with the wire run 4 times through the coil to increase sensitivity 
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of the current measurement.  The B-H curve is generated through the math function of the 

oscilloscope software as the voltage and current are measured.  The vertical component 

of the BH curve is measured in mVs/div and the horizontal component is measured in 

A/div.  

 
Figure 42: Infinium Oscilloscope Waveforms for Transformer Characterization 

The transformer along with the rectifier bricks are placed under oil, as seen in 

Figure 43, to prevent voltage breakdown on the secondary when charging upwards of 20 

kV.  The Litz wires for each secondary were split in half and run to one of the set 

connections (a dotted and non-dotted) of one of the four rectifier blocks. This was done to 

precisely split the output current in half for each rectifier module.  These blocks are the 

same rectifier blocks from HVCA used previously except the configuration is 2 blocks 

each in series connected in parallel with one another set of 2 series connected blocks for 

increased current handling capability.    
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Figure 43: Transformer and Rectifier Bricks under Oil 

Previously a load capacitor with a 300 nF value had been used for capacitor 

charging tests.  This amount of capacitance is rather small for portable Marx generators 

applications.  A solution was to double the load capacitance to confirm load charging 

characteristics with a heavier load.  A second High Voltage Components Inc. 40 kV 300 

nF capacitor is added in parallel in Figure 44.  The new transformer and rectifier setup 

under oil can be seen in the Figure as well as both types of HV-feedback monitors, VOM 

(voltage output mode) and  ROM (relaxation oscillator mode), that complete the 

components on the high voltage side of the RCC system.  Furthermore the testing with 

the 600 nF load capacitance, confirms the advantage of current mode control.  Varying 

the size of load capacitance does not require any software changes in the microcontroller 

to charge up the capacitor. 
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Figure 44: 600 nF load 

In subsequent high power tests the capacitive load was even further increased to 

1.1 µF as seen in Figure 45. This capacitive load is a bank of five capacitors connected in 

parallel. Each General Atomics capacitor has a value of 0.22 µF and is rated for up to 50 

kV charge voltage.  Between each capacitor is a sheet of G-10 dielectric to prevent 

voltage breakdown.  A bank of this size is nearly the equivalent capacitance for a 

compact Marx generator.    

 
Figure 45: 1.1 µF Capacitor Bank 
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4.4 Experimental Results 
 

 A number of different experimental tests were conducted to confirm the 

functionality of the synchronized modular inverter for charging applications.  Rep-rated 

operation was of particular interest since single shot results were already tested 

extensively. The level of charging voltage and the frequency of the repetitive shots were 

the most important parameters to capture.  

4.4.1 DC Bus Influence  
 
 In the experimental set-up, the DC Bus voltage is can be varied between 0-600 V 

and is supplied by a 3-phase variac.  The selected AC output voltage from the 3-phase 

variac is then fed through a Semikron 160/08 rectifier to energize the DC bus of the 

inverter modules.  Voltage on the inverter bus is limited to 250 VDC due to the ratings of 

the on-board DC-DC converter.   

 The DC bus voltage is varied due to the type of experiment being performed.  

With earlier test runs the DC bus was kept low (below 100 VDC) for safety purposes. 

After proving the functionality of the RCC system, the DC bus was raised to high levels 

(150-200 VDC) for high power testing.   

 Figures 46 and 47 show the influence the DC bus voltage has on the voltage rise 

on the load capacitor.  For these tests the 600 nF load was connected in the set-up.  

Consistent for both figures are a time base setting of 15 ms/div.  A voltage setpoint limit 

for the load capacitor of 14 kV as well as a three shot burst is commanded for both 

charging events.  The charging command signal of 25 ms width is seen as the purple 

trace.  This 5 volt signal is probed at the microcontroller when the TTL signal is 

converted to a fiber-optic “Go” signal sent to the inverter modules.   The voltage on the 
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load capacitor (cyan trace 3 kV/div) is measured by a Tektronix P6015A high voltage 

probe.   Increasing the DC bus from 75 to 100 volts, results in a closer to constant current 

charging scenario.  Additionally in the 75 VDC case, the setpoint is not reached in the 

charging time window.  Therefore for all tests the level of the DC bus is always taken 

into account and recorded to provide consistent experimental conditions.  

 

 
Figure 46: 14 kV Charging with 75 Volt DC Bus Voltage 
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Figure 47: 14 kV Charging with 100 Volt DC Bus Voltage 

Additional information gained from these figures is in current waveforms.  In 

both figures, the currents are monitored by a Pearson coil at the output of each inverter 

module. A Pearson 5046 with 0.01 V/A resolution and a Pearson 110 0.1 V/A are the 

specific model numbers of the diagnostics used.  The current measured is at 200A/div 

achieved by using an attenuator to match the sensitivity of the individual current probes.  

The green and pink traces similarity denotes optimum current sharing.     

4.4.2 High Voltage and High Repetition Rate 
 
 The following experimental testing highlight the highest voltage charging level 

and highest repetition rate achieved in testing the dual synchronized inverters. For these 

tests the larger 1.1 µF capacitor bank is connected as the load into the experimental set-

up.   

 Figure 48 is an oscilloscope screenshot of the high voltage charging event.  The 

time base of the three shot burst is 50 ms/div.  Current of one of the inverter modules is 
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captured by the Pearson 5046 denoted as the pink trace with peak current in excess of 300 

Amps.  The cyan trace with a 5 kV/div setting has a voltage limit setpoint of 25 kV.  The 

capacitor voltage is measured now by a Northstar PVM-5 high voltage probe as the 

Tektronix P6015A probe had a 20 kV rating.  Also noteworthy is the droop of the DC bus 

voltage represented by the green trace (50 V/div) during each charging cycle of the 

capacitor.  It should also be noted that due to the high switching frequency at horizontal 

time scales of 10’s of ms / div, the traces for the inverter current are distorted due to 

aliasing. 

 
Figure 48: High Voltage Modulator Charging 

For high repetition rate testing the DC bus voltage was increased to 225 VDC.  

The increased DC bus voltage was chosen to allow the charger rep-rate not to be limited 

by the droop in the DC bus voltage during each charging cycle.  The green trace in Figure 

49 is the DC bus voltage.  The 10 shot burst charging event elapsed over 550 ms with 

100ms per division.  The cyan capacitor voltage trace has a setpoint limit of 14 kV with a 
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3 kV per division setting.  For this sequence the charging time was set to 50 ms and 

recorded. (5 Volt purple trace) The repetition rate that was achieved by this test is 18 Hz.  

Further testing revealed that the repetition rate was be limited by the trigger module 

electronics for the thyratron. A new pulser to trigger the thyratron can be considered as a 

way to test for higher achievable repetition rates. 

 

 
Figure 49: High Repetition Charging 

4.4.3 Multiple Module Influence 
 

A side by side comparison between a single inverter module and the dual 

synchronized inverter modules was conducted.  The parameters for the experiment were 

exactly the same for both hardware units. Figure 50 shows the resulting waveforms from 

a single module and Figure 51 shows the resulting waveform from the dual synchronized 

modules.  The voltage limit setpoint in both cases was commanded for 10 kV and the 

load capacitor was 1.1 µF.  The cyan voltage trace rises much more quickly in the case of 
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the dual modules as opposed to the single module.  The dual module hardware provides 

nearly constant current charging or in other words a near linear capacitor voltage 

charging slope.  Also of interest is the pink trace in Figure 50.   The current waveforms 

seem to match for the beginning of each charging cycle. But with only one module 

providing a current source for charging the load, the single module takes longer to charge 

to the setpoint and conducts for a longer period at a reduced current.   

 

 
Figure 50: Single H-Bridge Inverter Charging 
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Figure 51: Dual Synchronized Inverter Charging 

4.5 Rep-Rated Energy Efficiency 
 

Efficiency of a power supply is an extremely important characteristic especially 

for mobile application.  Low efficiency can make a power supply essentially unusable as 

most of the precious stored energy is lost needlessly and not transferred to the load.  

 For efficiency testing, a 5 shot burst with 24 kV setpoint is examined. For this 

purpose, the energy that is replenished into the DC bus is measured during each charging 

cycle. The current and voltage is measured at the DC rectifier is measured with a hall 

effect based current probe.  The voltage on the load capacitor along with its known 

capacitance is used to calculate energy stored in the load. Figure 52 shows the Infinium 

oscilloscope waveforms imported to a MathCAD document graph.  The magenta trace is 

the high voltage measured at the load capacitor.  Voltage and current of the DC bus are 

represented by the red and green waveforms respectively. 
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Figure 52: Power Efficiency Waveforms 

The noise the primary current is attributed to the action of the output rectifier 

behind the variac.  The frequency of the noise is in the range of 360 Hz which would be 

consistent with a 3-phase rectifier.  Figure 53 uses a moving average low pass filter to 

clean up the noise of the primary current and get a representative DC current.   

 
Figure 53: Filtered DC Power for Input Power Calculation 
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The following equations lead to a calculation for the efficiency of the 

synchronized modules.  Equation 4 concludes that the energy stored in the capacitor is 

1584 joules. 

5 ∙ ∙ 1.1	μ퐹 ∙ (24	푘푉) = 1584	퐽표푢푙푒    (4) 

 The power in each capacitor charge cycle is 10.56 kW from Equation 5.  The 30 ms is 

the charging time per shot.   

∙ . 	 ∙( 	 )

	
	= 10.56	푘푊   (5) 

 
Equation 6 provides the time integrated input energy from the DC voltage and DC 

current.  The limits of the integration coincide with the DC current zero crossing 

transition.   

 
∫ 푉 (푡) ∙ 2 ∙ 퐼 (푡) + 	200	푤푎푡푡 푑푡	 = 1997	퐽표푢푙푒		

	    (6) 
 
The Output energy in Equation 4 is divided by the Input Energy in Equation 6 to obtain 

an expression for the energy efficiency. Equation 7 yields a result for the energy 

efficiency near 80%.  

 
∙ ∙ . 	 ∙( 	 )

∫ ( )∙ ∙ ( ) 	 	 			
	

= 79%   (7) 

 

The 200 W number in the denominator of the equation is an estimate for the 

housekeeping power.   This is a very conservative estimate as 100 W per inverter module 

is rather large.  Even by reducing the housekeeping power in half to 100 W, the 

efficiency percentage is increased only slightly by less than a percent to right at 80%.   
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CHAPTER 5 : DIGITAL PROGRAMMABLE CURRENT MODE CONTROL 
 

 Digital Current mode control provides a marked advantage over the previously 

discussed analog IC CMC.  The first most visible advantage is the reduction in physical 

components.  The entire analog slope compensation circuitry is all handled within code 

instead of using discrete parts. By handling the slope compensation in software, the 

degree of slope compensation can be tailored or optimized specifically for different 

applications.  A prototype implementing a peak current mode control scheme is designed 

and built.  Then a new RCC system with dsPIC controlled 8-inch inverter module is built 

and experimentally tested. 

5.1 dsPIC Peak Current Mode Control Implementation 
 
 The controller tasked to implement digital peak current mode control is in the 

family of dsPIC33F from Microchip Technology Inc.  The dsPIC is available in an 

affordable and user friendly development kit.  This kit contains the microstick PCB with 

socket and header pins, USB power/programming cable, PIC24H microcontroller, and 

the dsPIC 33F digital signal controller.  Figure 54 shows the microstick board with a 

PIC24H in the socket.  The Development environment software made by Microchip 

called MPLAB is a free internet install along with C-Compiler, demo code, and board 

schematic for the microstick. 
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Figure 54: Microstick Board by Microchip 

The dsPIC33FJ64MC802 is a 16-bit digital signal (ds) controller with 64 kB Flash 

and 16 kB RAM that comes in a 28-pin DIP package.  The dsPIC combines the 

computational power of a DSP along with the functionalities of a standard 

microcontroller.  [23] In addition, it has an integrated fast analog comparator with 

interrupt capabilities and a digitally programmable reference voltage generator. The 

reference voltage can be changed over a wide range in a few µs.  

 Prototyping of the dsPIC33F was first done on a breadboard as seen in figure 54 

before implementing the controller into a high power and high voltage environment.  The 

PWM signals are output by the DS (digital signal) controller and fed into an inverter 

current simulation circuit, Figure 59, on the breadboard.   
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Figure 55: dsPIC Prototyping 

This dsPIC is specifically configured to handle certain motor control applications.  

Figure 56 shows the built in PWM features of the DS controller. H-bridge PWM controls 

are produced with the two highlighted Generator blocks.  The FLTA1, which is Fault A, 

is used to shutdown the PWM signals when peak current is reached.  In prototyping, the 

observed delay for full shutoff of the PWM pulse is no greater than 25 ns. 
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Figure 56: PWM Features of the dsPIC33F [23] 

The integrated analog comparator, Figure 57, continuously monitors the output 

current.   The input for the comparator is pin 6. The output pin C1OUT of comparator is 

programmed to the same pin as the input for FLTA (pin 15).  The peak detect for current 

mode control is satisfied with this design.  In order to ensure stability of the generated 

PWM signals at high duty cycles, some sort of slope compensation also has to be 

implemented in software.  The CVrefin input to the comparator can be changed quickly 

(the data-sheet specifies 10 µs max. “Settling time” for a full scale change) to reduce this 

reference voltage.  Figure 58 shows the integrated programmable voltage reference that 

outputs to the CVrefin input of the analog comparator.   
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Figure 57: On-Board Analog Comparator [23] 

  

 
Figure 58: Programmable Voltage Reference [23] 

Appendix A has specific sections of the functions utilized to create the digital 

control scheme. C-code functions include: Configuration and Initialization for each of the 

PWM, Volt Reference & Comparator, and Fault Pin A.   Furthermore the interrupt 

service routine (ISR) that is invoked upon a comparator event is included.  The ISR is 

enacted immediately after the fault A pin is tripped within a few clock cycles 

corresponding to normal interrupt latency. It should be noted that the comparator action 

and the Fault A PWM shutdown all happen without software involvement within ns.  It 

should be further pointed out, that all previously reported digital control applications that 
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I was able to find, have a much slower reaction time since they all periodically sample 

and digitize the current value (using a sample & hold S&H amplifier) and then compare 

the result with a current limit setpoint using software. The implementation described here 

is at least 20 times faster than what could be achieved using the AD-converter build into 

the dsPIC. 

Within the ISR routine, the duty cycle of the PWM at the moment of comparator 

action is checked by reading the PWM counter and then the voltage reference for the 

comparator is adjusted accordingly as needed.  This technique is how the slope 

compensation is implemented digitally in software. 

Figure 59 is the circuit that provides the current simulation for prototyping on the 

breadboard.   The charging (controlled by the switching of Q1) of capacitor C1 simulates 

the current waveform on the output of the H-bridge inverter.  The simulated current 

signal is feed into the comparator input.  The synch pin controls the base of Q1 along 

with a current limiting resistor R2 and bias resistor R3. This circuit was constructed to 

initially evaluate the operation of the dsPIC under safe, low power conditions. 

 
Figure 59:  Current Simulation Circuit for Prototyping PWM Control 

Figure 60 shows the resulting waveforms from the low power tests of the PWM 

control code using the breadboard prototype circuit shown in Figure 59.  The simulated 



                                                          Texas Tech University, Travis Vollmer, August 2012 
 

62 
 

current signal is the magenta trace which is measured across C1 in Figure 59.  The 

PWM_A and PWM_B signals are the yellow and cyan traces.  Figure 61shows the 

waveform generated when the voltage reference is switched quickly.  This set of 

waveforms shows that the programmable voltage reference can be changed extremely 

fast (in a fraction of the PWM cycle) and thus the peak current limit can be decreased or 

increased extremely fast as well which confirms the information in the data sheet (10 µs 

“settling” time). 

 

 
Figure 60:  Digital Current Mode Control Proof of Concept Waveforms 
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Figure 61:  Adjusted Voltage Reference Proof of Concept Waveforms 

5.2 Rapid Capacitor Charger Application for a PFN 
 

A rapid capacitor charger in the laboratory was needed for a new charging 

application.  The PFN, seen in figure 62, is a 10 stage PFN with each stage having a 10 

mF capacitance for a total capacitance of 100 mF.  This PFN is utilized for narrow pulse 

testing of Silicon and silicon carbide SGTO switches. [24] 

 
Figure 62: 100 ms Pulse Forming Network 
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 With a confirmed working prototype utilizing a digital peak current mode control 

scheme, a new capacitor charger was built with a dsPIC to handle charging the PFN in 

under 500 ms.  The block diagram of the RCC system is almost identical to the previous 

systems built at Texas Tech University (figure 63).  The dsPIC controlled inverter, Figure 

64, is substituted into the place of the analog IC controlled inverter.  Furthermore, the 

charging voltage and charging time parameters are different than the other systems.  The 

charging voltage is only 6 kV but due to the large capacitance of the PFN the charging 

time is increased but limited to no more than 500 ms.  To increase the current on the HV 

output of this charger, the rectifier bricks are put in parallel rather than series.  This limits 

the charging voltage to around 15 kV but doubles the current and decreases the time it 

takes the PFN to reach the programmed charging voltage. [25]  

 
Figure 63: Block Diagram of RCC system for PFN Charging 
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Figure 64: dsPIC 8 Inch Single Inverter Module 

Also since the charging voltage is much lower, the HV-monitor had to be 

recalculated. The HV monitor is a completely self power relaxation oscillator that 

charges a small capacitor through a large HV resistor. The capacitor is periodically 

discharged through a fiber-optic transmitter which generates pulses with a frequency that 

is also linearly dependent on the HV input to the sensor. The Micro-Controller measures 

the time between pulses to determine if the voltage set-point has been reached.  Figure 65 

shows the new worksheet that was created to reselect component values for the ROM 

feedback PCB as well as the values to be updated in the look-up table for the 

microcontroller code.  
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Figure 65: HV-Monitor Voltage Table Worksheet 

Figure 66 displays the circuit schematic for the dsPIC inverter module.  The 

digital control circuitry improves functionality and design over the two previous analog 

slope compensation iterations.  The physical layout of the schematic shows just how less 

densely packed the digital schematic is especially compared to the previous (op-amp) 

analog design.   All analog components along with the negative rail voltage supply for the 

AD620 are no longer necessary for the dsPIC external circuitry since all the slope 

compensation is done digitally within the dsPIC.  
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Figure 66: Digital Charger Schematic 

Figure 67 shows a typical PFN charging voltage (magenta) trace and current 

(green) trace for a charging event with the new digitally controlled charger.  The PFN 

voltage reaches 3 kV, while the peak current is near 250 Amps.  The time base of the 

charging event is 100 ms per division with the time elapsed during charging of about 350 

ms. Figure 68 shows a zoomed-in graph with a time scale of 80 ms per division.  The 

triangular shape of the waveform can be seen at this time scale without aliasing at the 

time scales in the millisecond range.  
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Figure 67: Typical Inverter Performance Waveform 

 
 

 
Figure 68: Typical Inverter Current Waveform 

By increasing the PFN charging voltage, the situation arises where the voltage on 

the PFN requires a change in the current limit for stable operation.  Figure 69 shows the 

screenshot of a PFN charging voltage of 4.5 kV.  The voltage across the PFN (magenta 

trace) is 500 V/div and the output current of the inverter (green trace) is 100 A/div.  As 



                                                          Texas Tech University, Travis Vollmer, August 2012 
 

69 
 

the voltage rises, the case for stability changes and the current limit shifts near 3.25 kV.  

The maximum current output by the inverter declines from 300 A to around 250 A. The 

slope for the voltage rise clearly deviates from the constant current charging seen at the 

beginning of the charging event and actually rises since the current has a larger average 

value due to the longer rise time with increasing capacitor voltage resulting in a larger 

current-time area 

 
Figure 69: Increased Charging Voltage Event 
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CHAPTER 6 : CONCLUSION 
 

 Progress has been made in two areas to mature the current mode control 

approaches developed at the Pulsed Power and Power Electronics Laboratory here at 

Texas Tech University.  Current mode control research has culminated with a digital peak 

current mode scheme utilizing a dsPIC33F that has a number of advantages over the 

previous analog based control iterations.  Additionally, a dual synchronized H-bridge 

inverter modular topology with analog peak current mode control has been proven to 

provide reliable rep-rated capacitor charging operation.   

Future considerations can go forward based on the digitally controlled inverter 

platform.  Development of synchronized inverters can be researched to daisy chain 

multiple dsPIC-based inverter modules to increase power output. Focus can then lead into 

increasing the number of inverter modules connected to the transformer primary as well 

as increasing the repetition rate. Furthermore the digital control scheme can be refined in 

a number of ways.   

First, the peak current limit setpoint currently has a maximum of 16 levels.  (4 

bits)  Smaller steps are obtainable by increasing the resolution to 8 bits.  This 

improvement can be achieved by an external input into the voltage reference pin from a 

D-A converter.  This D-A converter is not available inherit to the dsPIC put can 

implemented by mimicking the analog equivalent duty cycle through the second PWM 

module onboard the dsPIC followed by a RC low pass filter into the external input.   

Second, the control scheme already resolves the current limit as a function of the 

duty cycle to prevent instability.  However, if one looks at the equation for current limit, 

the DC bus voltage is also on the right hand side of equation. Unfortunately, the DC bus 
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voltage cannot be taken as a constant as during charging the bus voltage droops.  

Developing code that uses both the active duty cycle and DC bus voltage to find the 

maximum current limit further reduces the likelihood of an instance of current instability. 

  Finally an added ability, with the computational power of the dsPIC, is to handle 

the load voltage monitoring on the DS controller within software creating a voltage 

observer.  The voltage on the load capacitor can be estimated with all the parameters of 

the overall system know. (current limit setting, duty cycle, DC bus voltage, and accurate 

value of the output series inductance)  The equation for the load voltage on the capacitor 

is seen in Equation 8.   

푉 = = 1 −	 ∙
∙

   (8) 

The system series inductance can be calculated by observing the rise time during low 

load voltage situations.  Thus the voltage observer eliminates the need for the external 

ROM or VOM PCB.  When the voltage monitoring can be handled on the dsPIC, the 

overall system size becomes more compact as well as a potential for more precise 

measurement and greater bandwidth.  Again expressing the equation in terms of the 

current rise time is advantageous for real time computation since the rise time can be 

measured by reading the PWM counter after the comparator interrupt inside the interrupt 

service routine. 
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APPENDIX 
 

Appendix A: dsPIC Code 
 

Configure Fault A  
 
void fault_config()     // Configure Fault 
A Pin for PWM1H2/PWM1L2 pin pair 
{ 
// Assign Fault A Pin 
 RPINR12bits.FLTA1R = 0b00110;  // Tie Fault A 
input to RP6 / Pin 15 
// Define Fault Conditions 
 P1FLTACONbits.FLTAM = 1;   // Fault A Pin 
operates in Cycle by Cycle mode 
 P1FLTACONbits.FAEN2 = 1;   // PWM1H2/PWM1L2 
pin pair is controlled by Fault Input A 
 IEC3bits.FLTA1IE = 1;    // Set the Fault A1 
interrupt enable bit 
} 
 
Configure Voltage Reference & Comparator 
 
void Comp_init()      // Configure the 
Comparator 
{ 
 CMCONbits.C1POS   = 0;    // + Input is 
connected to CVREF 
 CMCONbits.C1NEG   = 0;    // - Input is 
connected to C1IN-; Pin 6 
 CMCONbits.C1INV   = 0;    // Comparator 
1 Output not inverted 
 
 CVRCONbits.CVRSS  = 0;    // Device 
Supply voltage is Input for Reference Generator 
 CVRCONbits.CVRR   = 1;    // Reference 
Voltage Range from 0 - 67% of Supply Voltage 
 CVRCONbits.CVR    = 0b1000;   // Reference 
Voltage approx. 1.10 V for 3.3 Volt Supply 
// CVRCONbits.CVR    = 0b1100;   // Reference 
Voltage approx. 1.65 V for 3.3 Volt Supply 
// CVRCONbits.CVR    = 0b1110;   // Reference 
Voltage approx. 1.93 V for 3.3 Volt Supply 
// CVRCONbits.CVR    = 0b1111;   // Reference 
Voltage approx. 2.06 V for 3.3 Volt Supply 
 CVRCONbits.CVREN  = 1;    // Reference 
Voltage Generator is enabled 
 
 CMCONbits.C1EN    = 1;    // Comparator 
1 is enabled 
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 CMCONbits.C1OUTEN = 1;    // Comparator 
1 is driving output Pin 15 
 TRISBbits.TRISB6  = 0;    // Make Pin 
RB6 / RP6 an Output 
 RPOR3bits.RP6R    = 0b00001;  //  Assign Output Pin 
RP6 / RB6 / Pin 15 to Comparator 
} 
 
Configure & Initialize PWM 
 
void PWM_init() 
{  
// Setup output pins 
 TRISBbits.TRISB7  = 1;    // Make Pin 
RB 7  / Pin 16 an Input for PWM Enable 
 TRISBbits.TRISB12 = 0;    // Make RB 12 
/ Pin 23 an Output for PWM1H2 
 TRISBbits.TRISB13 = 0;    // Make RB 13 
/ Pin 24 an Output for PWM1L2 
 
// Setup PWM ports 
 PWM1CON1 = 0;      // Clear all 
bits (use defaults) 
 PWM1CON1bits.PMOD2 = 1;    //
 PWM1L2,PWM1H2 are in Independent Output mode 
 PWM1CON1bits.PEN2L = 0;    // PWM1L2 = 
PWM Output, Pin 24, in-active 
 PWM1CON1bits.PEN2H = 1;    // PWM1H2 = 
PWM Output, Pin 23, active 
 
// PWM mode and prescaler  
// PWM1, Channels 1,2,3      
 P1TCON = 0;       // Clear 
all bits (use defaults) 
 P1TCONbits.PTMOD  = 0b00;   // Free running PWM 
mode, Edge-Aligned 
 P1TCONbits.PTCKPS = 0b00;   // 1:1 prescaler 
 
// Setup desired PWM frequency using a prescaler setting of 
1:1, Max. Value: $7FFF = 32,767 
// P1TPER = (FCY / PWM_FREQ) - 1;  // P1TRER Value = 999 
 P1TPER = 1000; 
//  100% 1000 
// 95%  950 
// 90%  900 
// 85%  850 
// 80%  800 
// 75%  750 
// 70%  700 
// 65%  650 
// 60%  600 
// 55%  550 
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// 50%  500 
 
// Update duty cycle 
 update_duty_low();     // Set Duty 
Cycle to low value 
       
// ENABLE PWM1 
 P1TMR = 0;       // Set  PWM1 
Timer Register to zero 
 P1TCONbits.PTEN = 1;    // Enable  PWM1 
Module 
 IEC3bits.PWM1IE = 1;    // Set the PWM1 
interrupt enable bit 
} 
 
Fault A Interrupt Service Routine 
 
void __attribute__((interrupt, no_auto_psv)) 
_FLTA1Interrupt(void) 
 { 
//---------------------------------------------------------------
------- 
//  Check for Duty Cycle Limit that requires slope 
compensation 
//---------------------------------------------------------------
------- 
//  unsigned long CompDuty;   // Define 
variable for Duty cycle at Comparator Event 
//  CompDuty = 100*P1TMR/P1TPER; // Calculate Duty 
Cycle at Comparator Event in % 
  if(P1TMR > 800)     // Check for 
Duty Cycle > 80% at Current Limit 
   CVRCONbits.CVR    = 0b0100; // Reference 
Voltage approx. 0.55 V for 3.3 Volt Supply 
  else if(P1TMR > 750)   // Check for Duty 
Cycle > 75% at Current Limit 
   CVRCONbits.CVR    = 0b0101; // Reference 
Voltage approx. 0.69 V for 3.3 Volt Supply 
  else if(P1TMR > 650)   // Check for Duty 
Cycle > 65% at Current Limit 
   CVRCONbits.CVR    = 0b0110; // Reference 
Voltage approx. 0.83 V for 3.3 Volt Supply 
  else if(P1TMR > 550)   // Check for Duty 
Cycle > 55% at Current Limit 
   CVRCONbits.CVR    = 0b0111; // Reference 
Voltage approx. 0.96 V for 3.3 Volt Supply 
  
  IFS3bits.FLTA1IF= 0;   // Clear the 
Fault_A1 Interrupt Flag 
 } 
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