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ABSTRACT
New demands on power supplies are being imposed by the new generation of CPUs that require lower voltages and higher currents with tighter regulation, including larger load steps in less time. A cost effective design is presented to meet these new demands by combining the best features of the PWM and the LDO. The design includes a synchronous rectifier PWM for high efficiency at low voltages and a power MOSFET linear regulator for low dropout voltage with fast transient response plus tight regulation. The PWM controls a minimum head room on the LDO in a "hybrid" design, providing improved power quality with less demand on the PWM or on the capacitor decoupling network. 

CPUs DOMINATE THE POWER SUPPLY REQUIREMENT
Advances in power supply technology are slow and are typically forced by the advancing requirements of the critical power loads that they serve, such as the microprocessor or Central Processing Unit (CPU) with their rapidly changing technologies. Power supplies provide no direct output value such as data or control, but they only provide a necessary service or overhead to support other product hardware. Therefore, the power requirements are usually the last part of the system to be addressed for the specifications, space, cooling, and cost. Additionally, the power supply technology lags behind and must play catch-up with the other rapidly changing technologies that require improved power quality.

New products continue to increase their data processing power and data storage capacity to compete, thereby driving the advancements in both analog and digital technology and subsequently more power with tougher requirements. The CPU clock and processing speeds are rapidly increasing (above 100mhz) with lower voltages (less than 3.3V and approaching 1V) and are demanding more power at higher quality (less than +/-3% regulation) with high di/dt step loads (1A/100nS to 7A/20nS and higher). These requirements are pushing or exceeding the state-of-the-art technology for the pulse width modulation (PWM) power supply and for the filter capacitor. In addition to meeting today’s product power requirements, more attention must be directed to solutions that include future product requirements for the next 3 to 5 years, thereby minimizing the development cost and time-to-market cycle. The PWM/LDO “hybrid” design can provide a cost-effective added level of power supply design capability with existing PWM and filter capacitor technology.
CPU TECHNOLOGY DEVELOPMENT
Technology development of the CPUs and their supporting Integrated Circuits (ICs) are dictating the power supply development for higher quality power that is necessary to maintain data integrity, and to protect critical components such as high cost CPUs from overstress damage and lower life. 

A summary of the CPU technology changes that effect the power supply requirements is summarized in Table 1, including information from [1] and [2]. To meet this requirement at present and in the future, a strain is placed on the traditional PWM power supply and filter capacitors.

Table 1. CPU history and projections.
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POWER SUPPLY DEVELOPMENT TO MEET THE CPU REQUIREMENTS

The power quality requirements for today’s CPUs is difficult to achieve, with voltage accuracies near +/-2% and di/dt steps loads of 4A in 20-50nS [2]. Tomorrow’s requirements are expected to add increasingly tough demands on the power supplies and capacitors.

The power supply requirements for the Pentium CPU is used as a classic example of the next generation of fast CPUs. A design example is used herein for the Pentium P54C-VRE, with comparison of a “hybrid” PWM/LDO design solution versus a typical PWM design solution as in references [1] and [2]. This is an example of future requirements for fast CPUs and logic (and even analog) circuits that will require faster step loads with a narrower voltage regulation band for power supply and capacitor decoupling  networks.

The  Pentium P54C-VRE 100MHz processor voltage requirement is 3.525VDC +/-75mV for 0.2-7ADC, including line and load static and transient conditions, with no overshoot or undershoot for any duration, and with 4A steps in 2 clock cycles or 20nS [1]. A typical power supply regulation band design budget as illustrated in Table 2.

Table 2. Typical power supply regulation band budget for Pentium 

P54C-VRE requirement.




A cost-effective design approach is taken to meet the voltage regulation band budget in Table 2 for the Pentium P54C-VRE requirement. All parameters, other than the capacitor contribution, are minimized to allow the maximum remaining contribution to be equally split between C(ESR) and C(Droop/Recovery). C(ESL) must also be limited to a maximum of the C(Droop/recovery) contribution.

The set point and temperature/drift contribution is lowered using 0.1% 25ppm resistors. The set point contribution can be further reduced by trimming the output voltage in test, but with a higher production cost. This trimming of the voltage may be necessary for use of a standard power supply design for various CPUs that require a different operating voltage for each CPU speed. The accuracy and temperature coefficient also require a band-gap reference of 0.2% voltage accuracy and 25ppm/oC temperature coefficient, plus a 500uV offset comparator. Resistors will track at the same temperature with an error of their ratios. Offset voltage is multiplied by the ratio of the reference to the sense level.

CAPACITORS ARE FIRST LINE OF REGULATION DEFENSE
The capacitor filter is the first line of defense for voltage regulation requirements of the CPU during step load currents, as a source for current during turn-on current steps and a sink during turn-off current steps. The initial step load voltage transient is the effect of the capacitor network’s total ESR and ESL in series with the step load resistance during the current transition time (di/dt). The power supply is not able to supply full load regulation current until after the transient recovery time [2].

“A voltage step equal to the capacitor ESR times the load current step amplitude will appear at the front edge of the disturbance. This will be followed over the next several hundred nanoseconds by the additional droop, proportional to the rate of rise (or fall) of the load current times the parasitic inductance of the decoupling network. As the load current reaches its new steady state value, the inductive ring will die out, and a linear droop will begin, the rate of which is equal to the load current delta divided by the decoupling capacitor value. The more time the voltage regulator takes to respond to a change in load, the more capacitance is required to hold the supply voltage within specification limits during this time. Herein lies the value for the fast regulator. A fast linear regulator will probably require no more capacitance beyond what is required for the leading edge decoupling. A high performance switcher will usually require a total of approximately 3 times this amount.” See reference [2].

“In order to meet the power supply specifications for the least tolerant CPUs on the market today, the decoupling network impedance must look like an ESR of approximately 7 mOhms with less than 0.1 nH of parasitic inductance.” See reference [2]. The decoupling network requires six 220uF low-ESR surface mount Tantalums, plus 24 additional 1uF ceramics. Installation of the decoupling network must be as close to the CPU as possible, with the regulator located in close proximity (within 1 inch or so) to avoid the need for additional capacitance [2]. 

“For more tolerant Pentium processors, the combination of six 100uF low-ESR surface mount Tantalums, plus 25 additional 1uF ceramics is recommended,” see reference [1]. Adding eight 100uF to the output of a PWM though 1.5nH and 3.25mOhms lead impedances can support the load with a 12uS PWM response time and a unity gain bandwidth of 40kHz [1], as simplified in Table 3.

Table 3. Capacitor decoupling network used in the reference [1], 



see Figure 1A.




Our regulation budget from Table 1 is compared to Table 3 calculations from reference [1] (which was to support regulation of 45mV of the 75mV requirement for ESR only):
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The ESR maximum requirement in (1) for a 4A step current (di) is greater than the 0.6 mOhm for the 25 x 1.0uF combination, good for the first 87nS, but less than the 8.1 mOhm for the 14 x 100uF combination that supports the remainder of the 12uS PWM regulator recovery time [1].

The ESL maximum requirement in (2) for a 20nS step time (dt), is greater than the 25 x 1.0uF contribution of 0.1nH for the first 87nS, but less than the 14 x 100uF capacitors that support the remainder of the 12uS PWM regulator recovery time [1].

The capacitance requirement in (3) for a 12uS/21.15mV slope is larger than the total 1425uF required for 12uS PWM  regulator recovery time [1].

Capacitor selection, mounting location, board space, and board layout are important design considerations to limit design cost and to properly meet the power specification during transient step loads. Large value electrolytics supply low frequency filtering, from DC though the switching frequency of the PWM, to support the voltage regulation until the power regulator can take control. Tantalum electrolytics are preferred for their small size and low ESR, but are limited to lower capacitance values than aluminum electrolytics. The transient step loads require smaller bypass capacitors because of their higher frequency resonances. Typical electrolytics have resonances from 100kHz to 2mhz, above which they are inductive only, when their impedance rises from their minimum impedance (and ESR in higher capacitance values when the reactance is less than the ESR at resonance). Ceramic capacitors have higher resonances of 1MHz to 100MHz from 1.0uF to 0.001uF respectively, when lead length is minimized. ESR and impedance are variable with frequency for various dielectric materials, and are normally characterized as impedance or ESR at 100kHz for high frequency power supply operations. Table 4 illustrates some typically high quality capacitors that are used in the decoupling networks.

If capacitors are chosen with high ESL, or they are connected via long leads or traces, ringing can occur or resonance may occur below the filter frequency of interest, thereby looking like an inductance to the frequency instead of a capacitor. The following is an analysis of the simplified networks of the resonant frequencies of a single AVX 100uF capacitor from Table 4, and the network of 6 x 100uF:
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As seen in (4) and (5), the equivalent parallel combination of single capacitor presents the same network resonant frequency (as long as no more series inductance is introduced if everything is symmetrical to the CPU terminals). As the di/dt requirements of the step loads increase as shown in Table 1, the equivalent frequency bandwidth of the filter capacitor increases. Any significant increase in the capacitor ESL can decrease resonance below the equivalent frequency bandwidth of interest.
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It is also important to keep the resonance of (4) and (5) below the frequency bandwidth of (6), so that they appear as a capacitance to the step response di/dt. 

Capacitor technology is improving ESR and ESL in aluminum and Tantalum electrolytics, ceramics, and plastic films, with surface mount technology (SMT) and new dielectrics, but is also struggling to satisfy ever increasing di/dt demands. New technologies include the OS-CON electrolytics by Sanyo, solid polymer aluminum electrolytics by CDE, Low Inductance Chip Arrays (LICA) by AVX, Multi-layer Polymer (MLP) by ITW Paktron, and Multi-layer Ceramics (MLC). Layout and package construction of the decoupling network and the CPU connections are challenging and requires close attention and supervision from the power supply engineer to not degrade the power quality. There is much room for innovative RF board design techniques with transmission line impedances for the power planes and microstrip type distributed decoupling capacitance around the load power connections, etc.

PROBLEMS MEETING THE REQUIREMENTS WITH A PWM
Practical power supply design problems and component limitations  for meeting the present Pentium requirements are shown above and in references [1] and [2]. The effort in the PWM is to speed the transient response time to lower the amount of capacitance to support the voltage undershoot or overshoot. The typical approach 

Table 4. Capacitors selections in high frequency power supplies. 


is to speed up switching frequency and the amplifier bandwidth for increased loop response, but maintain 45-60 degrees of phase margin. A smaller LC filter inductor and less output capacitance all help speed up response time, but at the expense of ripple and noise. Larger peak voltages from a buck with a high input/output voltage ratio, or a forward with lower turns ratio can speed up increasing step loads, but require low duty cycles and narrow duty cycle control range. With the L1 at 1.5uH and only 1200uF of capacitance, there is a minimum LC delay time limit to respond at any bandwidth and switching frequency of 










(7)

Many of the product solutions are demonstrable in the lab, but in a worst case analysis of manufacturing tolerances with field environment and life, there often is little or no margin to protect data integrity of component stress. Power supply designers are working with extending the technology of the LDO

and PWM bandwidth and regulation. The PWM designs are including synchronous rectifiers for higher efficiency and improved regulation with light loads when discontinuous [1][2]. Higher switching frequencies and wider bandwidth with voltage mode control are also being investigated [1]. Most efforts to date have had mixed results for meeting the present and future requirements reliably by using either the linear (LDO) or switching (PWM) approaches alone. Critical components, design tolerances, and layout make a cost effective product difficult to produce and maintain with a reliable service life.

At the present rate of CPU technology development, power supply technology (and capacitors) is running far behind and may limit the maximum performance and/or data integrity of the data processing tasks. The power supply technology development effort must look ahead and anticipate the requirement trends for the next 3-5 years for setting its design goals.

PWM/LDO “HYBRID” SOLUTION
To meet the present and future power quality requirements, it is necessary to dedicate a power processor to each critical load that presents the dynamic loads with tight tolerances. This is difficult with a PWM alone because of the limited cost, space limits, and dynamic response. Therefore, a “hybrid” PWM and low dropout (LDO) regulator is proposed that can better perform the present and future design requirements in a cost effective manner. The best features of PWM and the LDO are utilized to achieve a good efficiency/accuracy trade-off [3]. The LDO must be placed close (within 1-2 inches) to each critical load (CPU),
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FIGURE 1B. TYPICAL PWM/LDO SOLUTION TO PENTIUM LOAD.
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Figure 1. Comparison of PWM and PWM/LDO “Hybrid” effects of 


capacitor decoupling network for a Pentium load 



example.

with a PWM supplying a less-critical tolerance for the headroom-to-dropout level. Fast dynamic response can minimize capacitance and total ESR. Efficiency, size, and cost can be optimized with choices of PWM switching frequency, bandwidth, optional synchronous rectifiers, and capacitance scheduling. 

The use of the “hybrid” is proposed as an alternative and improved power supply solution for various applications, with some examples as follows: 


1. Dedicated LDO regulator to critical loads requiring tight



voltage regulation band, fast response time, such
as



A. Very fast CPUs, logic, and memory,



B. Low noise amplifiers, 



C. Precision instrumentation and transducers,


2. Improved voltage load regulation, load step response, and 



EMI/PARD/noise, for a simpler low-cost design,


3. PWM requirement for multiple voltages requires less cross 

regulation requirements, lower frequency operation and 

bandwidth, therefore requiring a simpler design at 


lower cost and efficiency,


4. Requires less total capacitance and total ESR and ESL for 



a given di/dt, therefore less cost and board space in 



capacitors,


5. Centralized board level PWM with low headroom regulation 



requirements to LDO post regulators,


6. Central power systems from a central bulk power supply or 



central power distribution board(s), distributing each 



headroom voltage from the PWM to LDOs at each point-of-



use load,


7. Distributed power system (DPS) applications, with



A. Replacement of multiple DC/DC converters at various 




loads that are operating at various asynchronous




frequencies on
each board or at dedicated loads or 




voltages, with a single low-cost simple PWM with 




loose headroom regulation of multiple LDOs,



B. Less switching noise and EMI on boards and systems,



C. Less input and output decoupling filters and 




capacitors, therefore less cost and board space in 


capacitors,



D. Less interaction between PWMs and instability 




problems with negative impedance filters,



E. Distributed heat load to small low-cost distributed 



 
regulators around the boards versus larger DC/DC 




converters.

The combination of a PWM and an LDO is not new [3], but is proposed herein as a dedicated system for solving the regulation bandwidth problems and reduce the decoupling network capacitor demand for CPUs and similar pulsed load requirements. A single PWM may support the headroom of multiples of LDOs, as long as all require the same voltage headroom and levels.

Table 5. Low RDS(ON) N-Channel Power FETs.





 EMBED Equation.2  

For the lowest dropout voltage, the proposed LDO uses a power N-Channel FET for with low RDS(ON). Gate voltage to the amplifier

and FET is supplied by an auxiliary winding on the output choke buck converter, or from the transformer in the case of a forward

converter. Either 5V gate logic level or 10V gate FETs can be used, as shown in Table 5. With the choice of a 10 mOhm FET at worst case 100oC, the LDO drop out voltage drop is 70mV and 0.49W dissipation.

The LDO voltage headroom is added above the drop out voltage on C2 of Figure 1, is the range that can be used as a regulation band control until the PWM regulator can recover control. The use of this headroom lowers the capacitance required and the regulator recovery bandwidth with a standard PWM approach to step loads. The ESR and ESL of C2 is in series with the FET RDS(ON) regulation dynamic resistance voltage drop. With proper scheduling of the capacitors and the LDO performance, higher CPU di/dt step responses are now possible with existing capacitor technology. 

Table 6 indicates examples of the effects on the decoupling network requirements with the changing the transient response time of the PWM and/or the LDO, with the same requirements that were used in the previous design analysis, whereby an equal
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Figure 2. PWM/LDO “Hybrid” with example of headroom stored energy 

and recovery time advantages.

[image: image4.wmf]
Figure 3. PWM/LDO “Hybrid” basic design.

amount of the dv/dt is contributed by the C(ESR), C(ESL), and C(Droop/Recovery). 

The advantages of the PWM/LDO “hybrid” are demonstrated in Table 6 and Figure 2. The LDO is a post regulator with an elevated headroom voltage charged energy on C2 for droop compensation. The C1 capacitor decoupling network provides the voltage regulation within the LDO transient response time of 5uS, thereafter +/-1% LDO total regulation. The C2 capacitor decoupling network provides voltage regulation within the PWM transient response time of 25uS, thereafter +/-5% PWM total regulation. The LDO and PWM requirements are both within existing low-cost technology, with room for future higher specification requirements, and the capacitor decoupling network support requirements are minimized. 

Table 6. Examples of filter decoupling network requirements with 



various LDO and PWM/LDO response times.




Table 6 shows what effect the response time and transient voltage limits on the capacitor decoupling network requirements, where:


1. C1 is effected by the di/dt of the load and the recovery time of the LDO, limited to the transient and droop budget for a total of +/-1%, plus the overall LDO regulation of +/-1%, for a total of +/-2% to the load,


2. C2 is effected by the di/dt of the LDO and the recovery time of the PWM, limited to the transient and droop budget for a total of 200mV headroom, plus the overall PWM regulation of +/-5%, to maintain the voltage minimum above the LDO drop out voltage of 3.525V output plus <100mV at 7A.

Figure 1A is a typical PWM solution with 12uS response and +/-1% regulation, with ESR and ESL/C(droop) share 50% each of the remaining 1%, for the +/-2% requirement. In Figure 1B and Figure 2, the LDO replaces the PWM with 5uS response time, and the PWM and C2 voltage calculations are shown in Table 7.

The LDO can be dedicated to a specific load or CPU, with circuitry added as required for current limit (current shunt would be a dropout and efficiency burden), over voltage protection, crowbar, under voltage protection, soft start, inrush control, remote on/off, and remote voltage scheduling. Most of these features are in the standard PWM that would provide the preregulated headroom, therefore can be left out of the LDO for simplicity.

Table 7. PWM and C2 voltage calculations for Figures 1B and 2.




With the use of the LDO as the post regulator for the CPU and the PWM for the head room regulation, the capability now exists for adding circuits for ripple rejection, pulse feed forward, etc., that have been employed in other applications, such as fast pulse modulators.

The PWM is optimized for efficiency to make up for some of the losses in the LDO. The LC filter delay time, switching frequency, and regulation gain/bandwidth can be optimized for headroom regulation at slow step recovery time, with the LDO and C1 responsible for direct CPU regulation. Other responsibilities best performed in the PWM, but may be shared with the LDO, are the current limit (current shunt would be a dropout and efficiency burden), over voltage protection, crowbar, under voltage protection, soft start, inrush control, remote on/off. Figures 2 and 3 are simple examples of the PWM and LDO design.

MICROPROCESSOR SUPERVISORY CIRCUITS

Microprocessor (CPU) supervisory circuits are used to protect the CPU during power-on and out of tolerance voltage protection. The responsibility of these circuits is to protect data and components from damage when power quality is out of specification. An additional problem may exist where data may be corrupted at an unspecified level below the “absolute maximum” voltage that is specified to protect the CPU from damage. 

The supervisory circuits typically inhibit the CPU with a power ‘fail warning signal’ to the ‘Reset’ pin when any critical voltage are out of tolerance, including various voltages to each data microcircuit. This requires many voltages to be monitored at many different locations on each board, often without the benefit of a single point ground. The tolerance sensitivities include ripple, noise, and transients directly at each microcircuit. Accuracy of typical supervisory circuits are 1.0-3.5%, not including external resistor divider tolerances. Typical response time to faults is =>2uS, much too slow to prevent many clock pulses of corrupted data. Data integrity is often protected with redundant parallel processing circuits with separate power supplies, and depend on “parity check” for data integrity decisions. But both CPU circuits may have corrupt data because of common designs with poor protection to degraded power quality.

Another requirement should be to protect the very expensive CPU from overvoltage with an accurate voltage clamp or crowbar within the ‘absolute maximum’ voltage tolerance. 

Power quality protection for the next generation of CPUs with their higher speeds, fast step responses, lower voltages, and tighter voltage tolerances needs special attention to the issues discussed above. Protection may include on-board circuits in the CPU and support microcircuits, combined with distributed voltage sensing supervisory circuits.

CAPACITOR FILTER IMPROVEMENT
The capacitor filter is the main protection for voltage regulation during the power supply transient recovery time. The typical solution has been shown above with a capacitor decoupling network of multiple electrolytic and ceramic capacitors. The layout also requires board layout with the capacitors to be distributed closely around the circumference of the CPU to the power plane layers connected to the multiple CPU power pins, thereby lowering series inductances and resistances.

Capacitor improvements are needed that are cost effective for the various computer market applications that can take advantage of the next generation of CPUs and utilize their maximum capabilities. It is suggested that an improved capacitor decoupling network could be developed using a multilayer mixture of tantalum and ceramic and/or plastic thin-film layers. The package would be a flat rectangular design placed directly under the CPU, with multiple lead connections to the multiple CPU power pins. The multiple layers and vias would be designed for high capacitance, low ESL, low ESR, and high resonant frequency. A cost effective standard product may include feedthrough solder pins for direct drop-in connections to the CPU power pins.

CONCLUSION
It has been shown that the present and future CPU technology development is far ahead of the power supply and capacitor technology support function. Attention must be paid to power supply developments for the next 3-5 years to support the ever increasing CPU demands for lower voltages, tighter regulation, and higher di/dt load steps. Power quality must be continuously improved to keep pace with the fast changing CPU technology needs to allow them to operate at their full operating capability, without the need to derate their features and specifications. A “hybrid” power supply design concept is shown with an LDO post regulator supported by a PWM for headroom regulation. This “hybrid” design can provide a stepped improvement in power quality, with less demand on technology improvements of the PWM and the capacitor decoupling network.
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IRF1010

0.014

0.02

TO-220


_1317650484.xls
Sheet1

		REQUIREMENT		YESTERDAY		TODAY		TOMORROW		REMARKS

		SPEED		25-50MHz		75-120MHz		>200MHz		INCREASING ABOUT 25% PER YEAR

		VOLTAGE		5V		2.9-3.6V		2.2-1.5-0.9V		DECREASES WITH SPEED

		CURRENT		1-2A		3-7A		20-50A		INCREASES INVERSELY WITH VOLTAGE

		POWER		5-10W		12-25W		30-75W		INCREASES WITH GATES, CAPACITANCE, & SPEED

		dI/dt				200A/uS				START/STOP CLOCKS OVER 2 CLOCK PERIODS

						4A/20nS

		VOLTAGE		+/-0.25V		+/-0.075V				REGULATION SPECS GETS TIGHTER AT

		TOLERANCE		+/-5%		+/-2.1%				HIGHER SPEED

		VOLTAGE		6.5V		4.6V				LESS ABSOLUTE OVERSHOOT WITH LOWER

		ABSOLUTE								VOLTAGES

		MAXIMUMS
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_910886137.unknown

_907883556.unknown

_910735916.unknown

_866801761.xls
Sheet: Sheet1

PWM C2 VOLTAGE LEVEL

VOUT LDO

3.525V

Nominal

V DROPOUT

0.070V

10mOhms x 7A

V HEADROOM

0.400V

200mV V(ESR)

200mV V(ESL)/(C(DROOP)

ACCURACY

0.210V

5% REGULATION

TOTAL

4.205V


_907883555.unknown

_866529417.xls
Sheet: Sheet1

HEAD

PWM

LDO

ROOM

min

max

max

RESPONSE

min

max

max

RESPONSE

V(C1 HR)

C2

ESR2

ESL2

TIME2

C1

ESR1

ESL1

TIME1

(PWM ONLY, NO LDO USED)

2,270uF

5.3m

0.1nH

12uS

(PWM ONLY, NO LDO USED)

946uF

5.3m

0.1nH

5uS

400mV

1,000uF

50m

600nH

50uS

2,270uF

5.3m

0.1nH

12uS

400mV

1,000uF

50m

250nH

50uS

946uF

5.3m

0.1nH

5uS

400mV

240uF

50m

600nH

12uS

2,270uF

5.3m

0.1nH

12uS

400mV

240uF

50m

250nH

12uS

946uF

5.3m

0.1nH

5uS

800mV

500uF

100m

1200nH

50uS

2,270uF

5.3m

0.1nH

12uS

800mV

500uF

100m

500nH

50uS

946uF

5.3m

0.1nH

5uS

800mV

120uF

100m

1200nH

12uS

2,270uF

5.3m

0.1nH

12uS

800mV

120uF

100m

500nH

12uS

946uF

5.3m

0.1nH

5uS


_866365617.unknown

_866365618.xls
Sheet: Sheet1

Item

Network

Quant

C Each

ESR/R Each

ESL/L Each

C Total

ESR/R Total

ESL/L Total

(uF)

(mOhm)

(nH)

(uF)

(mOhm)

(nH)

1.0

SHUNT CERAMIC #1

*60

*1.0

0.1

*60.00

*1.00

2.0

SHUNT CERAMIC #2

25.0

1.0

15.0

2.5

3.0

SHUNT E-CAP

6.0

100.0

100.19999999999999

2.7

4.0

SHUNT E-CAP

8.0

100.0

100.0

5.0

LR in series with Item 4 

1.0

NOTE: * = Estimated values
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