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foreword 

In recent years the demand for power electronics engineers in in -
dustry has far outnumbered the supply. This situation is expect­
ed to become even worse in the years ahead, considering the de­
mand for engineers in such areas of national attention as energy 
sufficiency, robotic technology, and defense. In all of these areas, 
power electronics technology is being used in the efficient control 
of electric motors for applications such as electric cars and indus­
trial motor drive control, and in developing more reliable, light­
weight switching power supplies for various sophisticated computer 
and communication equipment. Recent advances in microprocessor 
technology make it very promising to integrate microelectronics 
and power electronics technology for efficient control of robotic 
motor drives in factory automation. 

Work in the area of switching power supplies has been spurred 
by the need for higher performance, smaller volume, and lighter 
weight power sources to be compatible with the shrinking size of 
all forms of communication and data handling systems, with port­
able battery-operated equipment in everything from home appli­
ances and handtools to mobile communication equipment. Static 
de-to-de converters and dc-to-ac inverters provide a natural inter­
face with the new direct energy sources such as solar cells, fuel 
cells, thermoelectric generators, and the like, and form the central 
ingredient in most uninterruptible power sources. Such solid­
state power conditioners operating with internal conversion fre­
quencies in the tens to hundreds of kilohertz range are emerging 
as the new mainstay of most power supplies for computers and 
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communication systems, as they have been over the last two dec­
ades for the space programs of the world. 

Along with the growing market in various computer and com­
munication equipment, switching supplies have created a demand 
for engineers who can design them. Despite this demand and com­
petitive salaries, only a handful of universities in the United 
States offer courses in switching power supply design. The lack 
of relevant coursework in colleges has contributed to the growing 
shortage of engineers who can design the supplies. Most of the 
power supply engineers in the United States have gained their 
know-how through many years of on-the-job training and hands-on 
experience. 

A vast amount of technology in the area of switching power sup­
plies modeling, analysis, and control design has been generated 
in the past decade. This material is scattered in numerous tech­
nical journals, conference proceedings, and trade magazines. 
There is a great need for a book emphasizing analysis and design 
of switching power supplies that will assist experienced engineers 
in their design and help to bring the novice up to speed. 

I am very pleased to see that Mr. Sum has successfully brought 
these disciplines together in a well-organized manner. The book 
is focused on switching mode power supply design, analysis and 
measurement. The book contains information on the design of mag­
netics and regulator control loops and is a very good reference 
source for power supply design engineers. The author also pro­
vides a comprehensive listing of references containing most recent 
publications. Congratulations, Mr. Sum. 

Fred C. Lee 
Department of Electrical Engineering 
Virginia Polytechnic Institute and 

State University 
Blacksburg, Virginia 



Preface 

This book presents the fundamentals of switch mode power con­
verters with insights into design aspects. Elementary explana -
tions of the general practice of design, analysis, testing, and 
measurements of switch mode converters are given. The discus­
sions have been confined to basic concepts in an effort to pro­
mote better understanding of subject matter. Examples are used 
to highlight the principles of operation and must not be regarded 
as optimum design methods for the various applications. 

Inverters are not described within these pages, but the prin­
ciples provided are quite similar to such designs. All modulators 
described are of the linear ramp (sawtooth) and comparator type; 
modulators of the sample and hold type are not dealt with here. 
All regulators are assumed to operate with a constant frequency 
and variable ON time for output control. 

Calculator programs are listed in their entirety for· evaluation 
and analysis of the basic types of converters. Numerous fre­
quency response graphs are provided for the convenience of the 
reader to coordinate the calculator programs with design efforts 
toward a stable loop gain realization. State-space averaging analy­
sis is provided in some detail, sufficient to highlight the pertinent 
characteristics of the different basic converters. 

The chapter on magnetic components design is written with the 
intention of supplementing certain elementary details that are left 
out in other discussions. 

The reader is encouraged to coordinate the discussion in Chap­
ter 4 closely with the programs provided in Chapter 2 and the 

v 
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graphs provided in Appendix B for a complete and detailed under­
standing of the mechanisms involved in acquiring a stable regu­
lated converter response. 

A method of measuring gain and phase is given in some detail 
for evaluating the closed-loop converter. The information obtain­
ed is pertinent for the assessment of the loop gain characteristic 
for stable system operation. 

An extensive list of references, under separate headings, is 
provided for an up-to-date perspective of the state of the art and 
for those who wish to pursue the subject further. 

The author wishes to thank William M. Polivka of the California 
Institute of Technology for checking the calculations in Appen­
dix A and Michael Paupst for translating the HP programs to alge­
braic operating system language for use with the TI calculators. 

The author is particularly indebted to Doctors R. D. Middle­
brook and Slobodan M. Cuk of the California Institute of Tech­
nology for inspiration and Colonel William T. McLyman of the Jet 
Propulsion Laboratory for encouragement, without which this book 
could never have been written. 

Thanks are also due to Kamalesh D. Dwivedi, Terry LaLonde, 
and Milan Skubnik of the Computer Aided Engineering Department, 
Peter Ryan of the Test Equipment and Calibrations Department, 
and Richard Charlebois of the Research and Development Division 
of Mitel Corporation for computer simulation assistance, computing 
and measurement equipment support, and assistance in generating 
the illustrations, respectively, and to the Digital Systems Division 
of Mitel Corporation for the loan of the HP-9845C desk-top color 
computer. 

K. Kit Sum 



Contents 

Foreword (Fred C. Lee) 
Preface 

Switch Mode Power Converters 

1.1 Fundamental Concepts 
1. 2 The Pulse Width Modulator 
1.3 Basic Configurations 
1. 4 Derived Converters 
1. 5 Converters in Discontinuous Conduction Mode 
Appendix 

2 Calculator-Aided Analysis and Design 

2.1 Introduction 
2.2 General Comments on Programs and Calculators 
2.3 General User Instructions 
2.4 Circuits and Equations 
2.5 Program Listings 
2.6 Buck Converter (Continuous Conduction) Example 

3 Design of Magnetic Components 

3.1 The Transformer 
3.2 Design of Current Transformer 
3.3 Design of Inductors with DC Bias 

iii 
v 

1 
2 
4 

17 
27 
35 

qo 

40 
41 
44 
46 
69 

76 

76 
118 
122 

vii 



viii 

4 Stability Considerations 

4. 1 Loop Gain Assessment 
4. 2 Frequency Response Concepts 
4. 3 Gain and Phase Margins 
4.4 Output Filter Damping 
4. 5 Asymptotic Approximations 
4.6 Compensation Networks 
4. 7 Loop Design 

5 Input Filter Interactions 

5.1 Single-Stage LC Filter Response 
5. 2 Nature of the Negative Resistance Oscillator 
5. 3 Converter Input Impedance 
5. 4 Design Criteria 
5. 5 Input Filter Design Considerations 

6 Performance Measurement and Evaluation 

Contents 

134 

134 
140 
148 
153 
156 
160 
170 

189 

189 
189 
192 
193 
194 

196 

6 .1 Introduction 196 
6.2 The Test Set 196 
6.3 Measurement of Converter Output Impedance 197 
6. 4 Measurement of Converter Input Impedance 200 
6. 5 Inductance Measurement of DC Biased Inductor 200 
6.6 Measurement of Converter Loop Gain 201 
6. 7 Transient Response Considerations 203 
6. 8 Prediction and Evaluation of Converter Efficiency 205 

Appendix A: 
Appendix B: 
Appendix C: 

Appendix D: 

Appendix E: 
Appendix F: 

Appendix G: 
Appendix H: 

State-Space Averaging Analysis 
Graphical Design Aids 
Using Transient Response to Determine 
System Stability 
Derivation of Current Density and Area 
Product Relationships 
SPICE Models for Computer Simulation 
Pulse Handling Capability of Wire-Wound 
Resistors 
Capacitor Life Prediction Guidelines 
A Critical Comparison of Ferrites with 
Other Magnetic Materials 

List of Symbols 
Bibliography 
Index 

209 
228 

257 

263 
270 

273 
281 

288 

299 
305 
321 



1 
Switch Mode Power Converters 

1. 1 FUND AMENT AL CONCEPTS 

Power processing has always been an essential feature of most elec­
trical equipment. The differences in voltage and current require­
ments for different applications have led to the design of dedicated 
power converters to meet their specific requirements. 

In general, power conversion involves the process of either con­
verting alternating current ( ac) to direct current (de) or con­
verting de of one voltage level to de of another voltage level or 
both. The process of converting de to ac, however, is sometimes 
necessary. A processor of this kind is generally known as an in­
verter [1, 9-16, 18-21]. 

The concept of switch mode power conversion is not new, but 
the technology was not quite ready until the last decade or so. 
The availability of fast-switching high-voltage transistors, low-loss 
ferrite and metallic glass materials made the complete implementation 
of switch mode power converters more reliable and practical. 

The most significant differences between the linear and the 
switch mode regulators involve their efficiency, size, weight, ther­
mal requirement, response time, and noise characteristics. 

Ideal components in a linear regulator have little effect on the 
overall performance of the regulator, whereas in a switching reg­
ulator ideal components would make a 100% efficient regulated power 
converter. 

The linear regulator is, therefore, sometimes referred to as a 
dissipative regulator. 

1 



2 Chapter 1 

In the case of the switching regulator, the disadvantages of the 
linear regulator are eliminated. However, the switching regulator 
is also unable to retain the advantages of the linear regulator; 
namely, it is noisy with switching transients, has complicated cir­
cuitry, is difficult to analyze, and has slow transient response. 

The switching converter is difficult to analyze because it is non­
linear. All the linear circuit analysis techniques are rendered use­
less when it comes to switch mode converters. 

Fortunately, a method called the state-space averaging tech­
nique was developed [73] and further refined [78, 80] to provide 
a basis for the analysis of these basic configurations. This state­
space averaging method succeeded in transforming a nonlinear cir­
cuit model to an averaged linear model, which allows the use of lin­
ear circuit analysis techniques for analysis and performance pre­
diction. See Appendix A. 

In the implementation of switch mode power conversion electron­
ics, one or more of the three basic configurations are usually em­
ployed. Other circuit topologies are usually derived from one or 
more of these configurations. 

The three basic configurations are the buck converter, the 
boost converter, and the buck-boost converter. They are "basic" 
in the sense that only one switch is used and that there is no iso­
lation from the output circuits. Many of the popular topologies are 
buck-derived-type converters: the push-pull, the bridge, the 
half- bridge, and the forward converters. 

A new and unique configuration of the buck and boost combin­
ation is the Cuk converter [42 1 43, 45, 46, 49, 192, 194, 196]. 
This configuration is sometimes known as the optimum topology be­
cause of the minimum number of switches and energy storage com­
ponents required. It is optimum also because of the arrangement 
of components to obtain low input and output current ripple. 

1.2 THE PULSE WIDTH MODULATOR 

A switching regulator is a power processor in which the power 
handling devices are operated as switches in either ON or OFF posi­
tions. The arrangement of the switches and storage and filtering 
components is referred to as the topology of the converter. A giv­
en topology is used to obtain a specific result, such as voltage 
step-down, voltage step-up, or voltage step-up and current step­
up. 

The regulation process of a switch mode converter is performed 
via the pulse width modulator with a control voltage derived from 
the output of the converter. 
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FIG. 1.1 Example of pulse width modulator as used in a buck 
converter. 
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The modulators described in this text are assumed to be the lin­
ear ramp and comparator type and do not contribute any phase lag 
(neglecting storage time modulation effects) [71, 76, 90]. 

This type of modulator operates on the principle of comparing 
a linear ramp voltage with a control voltage V c, as shown in Fig. 
1.1. 

The control voltage is derived from the output voltage V0 • Ai 
is a comparator, and A2 is the error amplifier. If V0 decreases, 
the output of A2 (V c> will be increased. An increase in V c will 
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cause the comparator to trigger at a higher potential point on the 
ramp, producing a wider output pulse. The wider output pulse 
will, in turn, cause the delivery of a higher output voltage V 0. 

If V 0 increases, the reverse effect will occur. The result is a vol­
tage-regulated converter. 

1. 3 BASIC CONFIGURATIONS 

To understand the nature of the three basic configurations, it is 
convenient to recall Lenz's law. In 1834, Lenz, a Russian physi­
cist, supplemented Faraday's work on electromagnetic induction by 
pointing out that the direction of the induced emf is the same as 
that of a current whose magnetic action would neutralize or oppose 
the flux change. This statement is known as Lenz' s law. 

When a current flows through an inductor, a magnetic field is 
set up. Any change in this current will change this field, and an 
emf is induced. This induced emf will act in such a direction as to 
maintain the flux at its original density. This effect is known as 
self-induction. 

It is evident from Table 1. 1 that there is essentially no drastic 
change of topology for the buck converter for the two switch posi­
tions. The small-signal characteristics as provided by Eqs. (A. 55) 
and (A. 57 of Appendix A indicate the response of a linear system. 

However, this is not the case with the boost and buck- boost 
conerters, which indicate drastic changes in the topology between 
the ON and the OFF positions of the switches. Figure 1.2 shows 
the topological changes of the buck-boost converter during ON and 
OFF conditions. The individual networks of Fig. 1.2b and Fig. 1.2c 
are linear as shown, but the constant periodic changes between the 
two states make the converter nonlinear. Converters operating in 
two (ON and OFF) states are referred to as operating in the contin­
uous conduction mode. In this operating mode, the buck- boost con­
verter stores energy in the inductor in the form of magnetic field 
during the ON time and releases the energy to the output circuit 
during the OFF time. Table 1.1 provides a perspective view of the 
three basic converters operating in this mode. See also Table 1.20. 
Figure 1.3 shows the inductor current waveform for the buck-boost 
converter. 

According to Faraday's law, the average voltage across the in­
ductor over a complete period is zero. This means that (volt­
second applied =volt-second released) 
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TABLE 1.1 Nature of Eriergy Transfer in Basic Converters 

Switch position 

ON 

(When the current increases, 
the induced emf across the 

Con- indicator opposes the ap­
verter plied emf) 

Buck 
+v. 

1. 

+=-

+=-

Boost 

Buck­
boost 

+v. 
1. 

V.DT = V (1 - D)T 
1 0 

from which 

v 
0 

v. 
1 

= 
D 

1 - D 

OFF 

(When the current decreas­
es, the induced emf tries to 
maintain the flux caused by 
the previously applied emf) 

-=+ 

-=+ 
+V 

1. 

(1.1) 

( 1. 2) 
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FIG. 1. 2 Topological changes with change of switch positions. 
(a) Buck-boost converter. (b) ON topology. (c) OFF topology. 

slope of of 
V; 
L 

IL - t.I 

I 
I 
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0 DT D0T t 

T 

FIG. 1. 3 Steady-state buck-boost converter inductor current 
waveform. 
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Equation ( 1. 2) is an idealized case, since it indicates an infinite 
voltage gain for D equal to 1. In practice, a slightly lossy induc­
tor would have limited this gain to a realistically finite value. 

In the design of converters, it is usually necessary to accommo­
date a given range of input voltage. Equation ( 1. 2) can be rewrit­
ten to give 

Vo DL 

v;- = 1 - DL 
( 1. 3) 

max 

and 

( 1. 4) 
V. 1 - DH 

l . min 

To maintain continuous conduction, it is necessary to assess the 
boundary condition in which the converter is allowed to operate. 
Figure 1. 4a shows the boundary condition for IL, and Fig. 1. 4b 
shows the discontinuous conduction condition. 

Returning to Fig. 1. 3, we see that the current ripple is 

DTV. V (1 - D)T 
Lil = __ 1 = _o ___ _ 

L L 
(1. 5) 

Note that Eq. ( 1. 5) defines the requirement of B ac which is part 
of the requirement of the maximum flux density Bmax for the mag­
netic design of the inductor. The significance of the boundary 
condition is that it dictates the minimum inductance Lb required to 
maintain continuous conduction for a given minimum load; therefore, 

Therefore, 

R T(l - DL) 2 
L = max 

b 2 

v2 
0 

=-R--
max 

( 1. 6) 

( 1. 7) 
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TABLE 1. 2 DC Gain of Basic Converters with Practical Passive 
Components 

Function 

v 
Converter 0 

v. n 
l 

Buck- D 
D2R D2R 

0 0 

boost D 
D 2R + rL + DD (r//R) n 2 + rL + DD (r//R) 0 

0 0 0 0 

1 
D2 R D2R 

Boost 0 0 

D 2 
D2 R + rL +DD (r//R) 0 D R + r + DD (r//R) 

o L o 0 0 

Buck D 
R R 

R + rL R + rL 

From Fig. 1.3 and Eq. (1.5), 

I =I + t.I 
max L 2 

( 1. 8) 

During the switch ON time, the filter capacitor C discharges 
through the load resistor R. See Fig. 1. 2. The slope of the out­
put voltage within this duration is directly related to the average 
voltage across the capacitor, V (t): 

or 

i = CdV(t) = _ V(t) 
dt R 

dV(t) V(t) 
~=-RC ( 1. 9) 
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(a) 

T 

(b) IL-
~0-1<-~-1--~,........------..L-~~~~-+t 

T 

FIG. 1.4 (a) Boundary and (b) discontinuous conduction condi­
tions. 

The negative sign indicates a discharging slope. 
For an almost constant V(t), the following approximation is valid: 

tiV 
_ V(t):::: 6V :::: __ o 

RC 6t DT 
( 1.10) 

6V0 DHT 

y-=~ ( 1.11) 
o min 

Equation ( 1. 11) defines the output voltage ripple. 
Similarly, for the buck converter operating in the continuous 

conduction mode in the steady-state condition with constant volt­
second relations, 

(V. - V )DT = V (1 - D)T 
I 0 0 

( 1. 12) 

V = DV. 
0 1 

( 1.13) 
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Under the boundary condition V = DLV i , 
o max 

( 1.14) 

( 1.15) 

( 1.16) 

The current ripple is 

( 1.17) 

( 1.18) 

R T(l - DL) 
L = max 

b 2 
( 1.19) 

V V Vi DL T(l - DL) 
o lll o max 

I =--+-=--+--------
max R . 2 R . 2Lb min min 

( 1. 20) 

The output voltage ripple is derived as follows: The change in 
charge llQ of the output capacitor C is represented by the shaded 
area in Fig. 1. 5: 

LlQ = .!. (nT + D oT) g = T Lil 
2 2 2 2 8 

( 1. 21) 

2 
llQ T lll VoT (l - DL) 

llvo = c= SC= 8LC ( 1. 22) 

For the boost converter, the steady- state continuous conduction 
relations are as follows: For constant volt-second, 
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v 

V; - Va----

~-+----lr------f---__.t 

014-....,.... .. -----
T 

T 

11 

FIG. 1. 5 Steady-state buck converter continuous conduction mode 
waveforms. Over one period, L:.Q is represented by shaded area. 

V.DT = (V - V.)(1 - D)T 
l 0 l 

V.T = V T(l - D) 
l 0 

Vo 1 
V. = l=J)• a voltage step-up condition 

l 

1i 1 I= 1 _ D, a current step-down condition 
0 

Multiplying Eq. ( 1. 25) by Eq. ( 1. 26) gives 

v I. 
0 l 

V. I 
l 0 

1 -----
(1 - D)2 

( 1. 23) 

( 1. 24) 

(1.25) 

( 1. 26) 

( 1. 27) 



12 Chapter 1 

L 

T 

FIG. 1.6 Boost converter boundary condition. 

The voltage across the inductor is 

From Fig. 1. 6, the current ripple is 

LH ( 1. 28) 

For the boundary condition, the minimum average input current is 

The maximum current is 

I 
max 

I 
0 

max 
1 - D 

H 

ll I 
+-

2 

( 1. 29) 

( 1. 30) 
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I 
max 

V Vi . TDH 
o + min 

R . ( 1 - DH) 2Lb min 

Substituting Eq. ( 1. 29) into Eq. ( 1. 27) for I. gives 
i 

or 

Substituting R for V /I gives 
max o o 

2 
R TDL(l - DL) 

L = max 
b 2 

13 

( 1. 31) 

( 1. 32) 

( 1. 33) 

( 1. 34) 

The output peak-to-peak ripple voltage 11v0 is the same as that de­
rived for the buck- boost converter and is given by Eq. ( 1.11), 
owing to similar output circuit topologies. 

In the case of the boost and the buck- boost converters, the 
losses in the converter elements play a very significant role in re­
ducing the efficiency of the circuit. This is evident from the val­
ues of the elements given in Fig. A. 4 in which the losses due to 
the inductor, represented by 

increase dramatically with the increase of duty ratio D. By means 
of Eq. (A. 58) in Appendix A, it is possible to plot a number of 
curves to demonstrate the effect of increasing rL on the converter 
efficiency. Figure 1. 7 shows this effect on a boost converter. 

Mathematically, if Eq. (A. 58) is used with r equal to zero, so 
that the effect of rL on the steady-state de gain is 



c: 
'iii 
(.9 

t.i 
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14 

0 
0 
0 

~ ---- ---- -------.. -- ---- ------ ---.. --------- --- ---... --- ----- ------

0 
0 

: : : 
Plot of Equa~ion A.58 for : 1. R = 10, r = .05, rl = .02 
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3. Ideal Boost Converter 
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0 1--~~~~--'~~~~~--J..~~~~~-'-~~~~~-L-~~~~---' 

1 

2 

0.500 0.600 0.700 0.600 0.900 1.000 
Duty Ratio (D) 

FIG. 1. 7 Boost converter de gain characteristics. 

V RD 
0 0 

V. = RD 2 
1 rL + o 

( 1. 35) 

differentiating V 0 IV i with respect to D and equating to zero for 
the maximum gives 

d 
dD 

Vo d R(l - D) 
v.=dD R 2 

1 rL + (1 - D) 

O=~ 1-D 

dD (rL/R) + (1 - D)2 

( 1. 36) 

( 1. 37) 

After some manipulation and simplification, maximum gain Dm is 
obtained: 
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D = 1 m 

for boost converter 

Similarly, for the buck- boost converter, 

D 
m 

1 - J rL/(rL + R) 

1 - r /(r + R) 
L L 

buck- boost converter 

15 

( 1. 38) 

( 1. 39) 

( 1. 40) 

Substitution of Eq. ( 1. 39) into Eq. ( 1. 35) for D gives the boost 
converter maximum gain (neglecting other losses): 

v 
0 

v. 
1 

max 

Similarly, 

v 
0 

v. 
1 

max 

boost converter ( 1. 41) 

buck-boost converter (1.42) 

2 J rL/(rL + R) 

For example, by using Eq. ( 1. 39) and with R = 10 D rL = 
0.1 D, the calculated maximum gain for the boost converter is 5. 
This result compares favorably with the curve in Fig. 1. 7, which 
includes the effect of r of the filter capacitor. 

The following is an example of the buck- boost converter, show­
ing the previously derived relations as applied to a design case. 

The converter is required to accept an input voltage within 
the range of +12 V de to +22 V de. A regulated output voltage 
of -28 V de is required. The load current will fall within the 
range of 200 mA to 2 A. The output voltage ripple is to be with­
in ±0. 5%. The switching frequency is to be 33 kHz. 

Using Eq. (1. 3), 
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Neglecting losses, 

or 

Vo 28 
R = -- = - = 140 r2 

max I 0.2 
0 . min 

T = 1/33 kHz= 30.30 µsec 

Using Eq. (1. 7), 

= 410. 67 µH design 420 µH 

By using Eq. ( 1. 4), DH is calculated and is equal to 0. 7. By us­
ing Eq. ( 1.11), the output voltage ripple is evaluated: 

where Rmin = V0 /10 = 28/2 = 14 rl. For 0.5% voltage ripple, 
max 

0.5 0.7 x 30.3 x 10- 6 

100 14C 

C = 303 µF use available C of 380 µF 
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FIG . 1. 8 Basic buck-boost converter. 
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The voltage ripple, however, is often dominated by the esr of the 
output capacitor, and 

/'J.V = /'J.I x esr 
esr 

The designer should choose a capacitor of negligible esr to ensure 
that a low output voltage ripple is obtainable. See the example 
given at the end of Chapter 2. Figure 1. 8 shows the basic buck­
boost converter, open loop . Further treatment of this circuit with 
closed-loop consideration will be given in Chapter 4. 

Another example showing the use of formulas derived for the 
buck converter is given in Section 2.6. The example converter is 
analyzed with the calculator program provided in Section 2. 5, and 
responses are plotted for the cases of an output filter with and 
without damping. Further discussion in relation to compensation 
and stability will be detailed in Chapter 4. 

1. II DERIVED CONVERTERS 

As the section title implies, some variations of the basic converters 
are possible, but the basic principles of operation remain the same. 
One example of a derived converter is the isolated flyback conver­
ter. This is basically a buck-boost derived, converter with an iso­
lation winding, so that the input circuit is isolated from the out­
put circuit, and the output voltage can be either positive or nega­
tive, depending on the winding and diode connected polarities. 
See Fig. 1. 9. 
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V;------. 

c R 

JL 

FIG. 1. 9 Basic isolated flyback converter. 

The circuit relations, without derivation, are as follows: 

Vo nD 
-=--v. 1 - D 

1 

t, I 
V (1 - D)T 

0 

nL 

The primary inductance 

V 2(1 - D) 2T 
L =-o--~--

2P n 2 
0 

I 

I 
max 

0 max 
1 - D 

H 

Io V (1 - D)T 
+ g = max + _o ___ _ 

2 1 - DH 2nL 

I max 

( 1. 43) 

( 1. 44) 

( 1. 45) 

( 1. 46) 

From these relations, it would appear that with a suitable choice 
of turns ratio n a lower operating duty ratio is possible. This is 
not exactly the case, because if a nonisolated buck- boost conver­
ter is compared with the isolated fly back, both having the same 
element values (with the exception of the isolated winding), then 
the gain and phase characteristics of the two converters would be 
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very close to each other. This means that if the buck-boost 
converter is running out of phase margin at a given high-duty 
ratio, the isolated counterpart of the buck-boost converter 
(though operating with a lower-duty ratio) is not gaining any ad­
vantage, because the turns ratio n in the transfer function serves 
to modify the overall behavior of the converter to the same extent, 
as if there were no isolated winding. The reader can easily check 
out this effect with the programs provided in Section 2. 5. 

So far, much attention is focused on the continuous conduction 
mode of operation, because the nature of this mode of operation, 
using the basic components described up to this point, is that of 
a second-order control system, whereas the discontinuous conduc­
tion mode is only a first-order system. It is, therefore, quite 
easy to produce a discontinuous conduction converter, close the 
feedback loop, and realize a stable regulator. The penalty here 
is a higher input current surge due to the lower energy storage 
capability of the inductor. 

In the case of the continuous conduction converter, the buck­
type converters roll off at -12 dB I octave. Any additional phase 
shift within the feedback loop will be potentially hazardous to the 
stability of the system. This effect is graphically depicted in Ap­
pendix B. Further discussions about stability are given in Chap­
ter 4. 

In the discontinuous conduction mode, the inductor current does 
not behave like a true state variable, because during the dwell 
time D 2T, it has a definite value of zero. See Fig. 1. 4b. As a re­
sult, the order of the state- space averaged model is reduced by 
one. The significance of this order reduction is on the loop sta­
bility dynamics. 

For a converter designed to operate in the discontinuous con­
duction mode, care must be taken to check out the behavior of the 
converter during turn on and under step load conditions. These 
are the conditions in which the converter is likely to "drop" into 
the continuous conduction mode momentarily, sometimes long enough 
to start a parasitic oscillation. 

If the converter is found to go into continuous conduction dur­
ing turn on, or during step load change conditions, then the con­
verter should be compensated for stability for both continuous 
conduction and discontinuous conduction modes to ensure uncondi­
tional stability. 

It is also quite common to design converters to operate in both 
conduction modes for reasons of efficiency or component size re­
duction. In this case, the converter is allowed to operate in dis­
continuous conduction mode at light load and in continuous conduc­
tion mode at maximum load. 
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L 

v. --------, 
l 

ov 

(a) 

FIG. 1.10 Push-pull converter. (a) Basic schematic of conver­
ter. (b) Idealized waveforms. 

Note that the analysis outlined in this volume is a small-signal 
approximation technique and is not suitable for large-signal re-
sponse predictions. ~ 

Another buck-boost derived converter is the Cuk converter. 
This converter has been very well documented elsewhere [ 42, 43, 
45, 46, 49, 192, 194] and is a patented invention. 

This converter is a unique topology, just as the buck-boost 
converter is a unique configuration. Recalling the buck-boost con­
verter, the input current ripple is high, since the switching tran­
sient is not isolated by an inductor like the boost converter. The 
output current ripple is also high, since the switching noise is not 
isolated from the output like the buck converter. From the fore­
going statements, it is apparent that if the buck-boost configura­
tion is reversed to produce a boost-buck configuration, it would 
have the advantage of both low input current 'ripple an~d low out­
put current ripple. This is exactly the case with the Cuk con­
verter. In short, the boost-buck configuration was produced with 
simplification of switching arrangement to produce the optimum to­
pology converter. 

Note that in the case of the isolated flyback converter the trans­
former is still doing the same job as the inductor in the buck-
boost converter. This means that the so-called transformer is ac­
tually an inductor with a secondary winding, and extra window 
area must be allowed for accommodating the second!irY winding. 
It is, therefore, rather important for the designer to choose 
the correct core geometry for an isolated flyback converter. 
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The buck converter provides the next group of common de­
rived converters: the push-pull converter, the bridge converter, 
the half-bridge converter, and the forward converter. 

The basic push-pull converter is shown in Fig. 1. 10. It can 
be considered as a buck converter with transformer isolation. And 
by virtue of this isolated coupling, voltage step-up or step-down 
or polarity reversed outputs are obtainable. The transistors Q 1 
and Q 2 are controlled to switch on and off alternately. The ON 
duty ratio for each transistor is regulated and reaches a theoreti­
cal maximum of 0. 5 (or 50%) • When Q 1 is on, diode CR 1 is forward 
biased and conducts to deliver part of the output current. In the 
following half cycle, Q 2 is on, and diode CR 2 delivers the other 
part of the output current. When both transistors are not con­
ducting, both diodes are forward biased to maintain a continuous 
inductor current. The ideal steady-state de transfer function is 
given by 

v 
~= 2Dn v. 

1 

( 1. 47) 

The collector voltage of Q 1 switches from 0 during ON time to 
Vi during OFF time and to 2Vi during ON time of Q2. This implies 
that the transistors must withstand a minimum voltage of 2Vi . 

The collector current is given by max 

I = n (I +/';IL) +I 
c o 2 m 

max 
( 1. 48) 

The diode reverse voltage rating must withstand a minimum of 
2nVi. 

The push-pull converter is suitable for delivering heavy loads, 
since the switches Q 1 and Q 2 share the load quite effecitvely. How­
ever, during a load change, the sudden power demand tends to up­
set the load-sharing balance of the two transistors, causing one 
side of the primary winding to "see" a higher input current. If 
this effect continues, the transformer core will magnetically "walk" 
to a saturation point. This is the reason why a nonmagnetic gap 
is sometimes inserted in the transformer of this type of converter. 
The same situation can arise if the two transistors have somewhat 
different switching and storage times, or even saturation voltages. 

Similar to the push-pull converter, the half-bridge converter 
has two switches that operate ON alternately. See Fig. 1. 11. 
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FIG. 1.11 Basic half-bridge converter. 

The input voltage is divided between the two capacitors C 1 and 
C2, and C1 equals C2 in capacitance. The common connecting 
point of these two capacitors thus has an average voltage of Vi/2. 
This arrangement allows the collector of the switching transistors 
to see a peak voltage of only Vi, rather than 2V i as in the case of 
the push-pull converter. However, for a given output power, the 
half-bridge converter has twice the average primary current seen 
by the push-pull configuration. 

Although one end of the primary is capacitively coupled to the 
input, there is still danger of saturation for the transformer due 
to differences in switching times and storage time effects. The 
blocking capacitor does, however, prevent saturation of the trans­
former due to mismatches in transistor saturation voltages. When 
Q 1 is on, CR 1 is forward biased, and power is transferred to the 
output circuit. In the next half cycle, Q 2 will be on, and CR2 
will be forward biased. When both transistors are off, the diodes 
are forward biased to maintain a continuous output current. Since 
one of the two transistor switches is effectively in cascade with the 
other, an isolated drive transformer is necessary to operate this 
converter. The ideal steady-state de transfer function for the 
half-bridge converter is given by 

v 
_Q= nD 
v. 

1 

The maximum collector current is given by 

( 1. 49) 
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c R 

FIG. 1. 12 Basic bridge converter. 

I = n (I + IL) + I 
c o 2 m 

max 
( 1. 50) 

where Im is the magnetizing current. 
Since the capacitors C1 and C2 are required to handle high rms 

currents, they are usually bulky and costly. 
The basic bridge converter is shown in Fig. 1. 12. In this con -

figuration, the transistors Q 1 and Q 4 turn on at the same time . 

• 

(a) 

FIG. 1.13 Basic Weinberg converter. (a) Basic schematic of con­
verter. (b) Idealized waveforms. 



0 -

v 
v; +-2.lJ 

2V _n __ 
_o . 

n 

I. 
l 

IQl 

IQ2 

(b) 

0 

0 

I I 
o_n__ 

0 

I 
0 

0 

J2_sl_ 

0 _Il___[l_ 

o_n__ 
o__J1_ 

L 

v 
+ -2. 

n 

2V 
-2. 

n 

-t 

t 

t 

t 

t 

t 

t 

t 



26 Chapter 1 

Their ON time is pulse width controlled and alternates with Q 2 
and Q3 to process power. This converter has the advantage of 
the same collector voltage rating as that for the half-bridge con­
verter, Vi, but the disadvantage of transformer saturation of the 
push-pull converter, since it has similar imbalance conditions. 
The steady- state de transfer function of the bridge converter is 
given by 

( 1. 5i) 

The maximum collector current is given by 

I = n (I + IL ) + I 
c o 2 m 

max 
( 1. 52) 

In all the converters with two or more switches described above, 
the alternating nature of the switch operation must be maintained 
and must not be allowed to overlap on duty ratio. If overlap 
switching occurs, the effect would be the same as shorting the 
primary winding of the transformer, which will cause an infinitely 
high input current and subsequent destruction of the switches. 

A relatively recent topology known as the Weinberg converter 
was first disclosed in i974. This circuit avoids the problem of 
overlap switching by the insertion of an inductor in the input cir­
cuit as shown in Fig. i. i3. For nonoverlap switching, when both 
transistors are off, diode CR3 keeps the output current nonpul­
sating by transferring the stored energy in L to the output cir­
cuit. It is evident that the inductor L could have more than one 
secondary winding to accommodate a multioutput converter. 

Another rather similar current-fed converter is the Clarke con­
verter [ i90] , which feeds the stored energy in L back to the input 
circuit instead. The current-fed converter is quite well document­
ed elsewhere [67-69]. 

Another buck derived converter is the forward converter. See 
Fig. 1. i4. As the name implies, energy is transferred during the 
ON time of Qi as diode CRi is simultaneously forward biased. As 
Qi turns off, diode CRi is reverse biased and CR2 is forward bi­
ased to maintain a continuous current in the output circuit. At 
the same time, CR3 is forward biased to allow magnetic resetting 
of the core. This demagnetizing winding is usually wound with 
the same number of turns as the primary winding, and as a result 
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FIG . 1. 14 Ba sic forward converter . 

the collector of the transistor must be rated at least twice Vi. To 
maintain the transformer volt- second balance, the transistor duty 
cycle must not exceed 0. 5 (or 50%) ; otherwise the transformer will 
go into saturation. If the ratio of the demagnetization winding to 
the primary winding is varied, so that the demagnetization wind­
ing is less than the 1: 1 ratio, the transistor duty cycle may ex­
ceed 0.5, but the collector flyback voltage rating becomes higher. 

The steady-state de transfer function of the forward converter 
is given by 

v 
~=nD v. 

1 

1. 5 CONVERTERS IN DISCONTINUOUS 
CONDUCTION MODE 

( 1. 53) 

This section will briefly outline the mathematical relations of the 
three basic types of converters so that a qualitative comparison of 
the two modes of operation can be sensibly made. 
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FIG. 1. 15 Basic buck converter in discontinuous conduction mode. 

The buck converter operating in the discontinuous conduction 
mode also maintains the same volt-second balance as in the continu­
ous conduction mode; see Fig. 1. 15: 

(V. - V )DT =V D 1T 
1 0 0 

( 1. 54) 

V .D :::: V (D + D 1) 
1 0 

( 1. 55) 

v 
o ::::--D __ 

Vi D + D 1 
( 1. 56) 
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(V. - V )DT 
LI= 1 o 

L 

but 

I = QI 
2 

and 

I = Q..!_(D + D ) 
0 2 1 

Therefore, 

V 0 D 1T 

L 

Vo 2L 
~ = R =D --1-T-(D_+_D_1_) 

-D + JD 2 + (BL/RT) 
2 

Substitution of Eq. (1.64) into Eq. (1.56) for D 1 gives 

Vo 2D 

Vi D + J D 2 + (BL/RT) 

29 

( 1. 57) 

( 1. 5B) 

( 1. 59) 

( 1. 60) 

( 1. 61) 

( 1. 62) 

( 1. 63) 

( 1. 64) 

(1. 65) 

For the boost converter operating in the discontinuous conduction 
mode (refer to Fig. 1. 16), 

V.DT = (V - V.)D 1T 
1 0 1 

( 1. 66) 



30 Chapter 1 

L 

--•t 

Al-+--

0 

T 

FIG. 1.16 Basic boost converter in discontinuous conduction mode. 
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V.D ::: (V - V.)D 1 1 0 1 

V.DT 
Lil::: - 1 -

L 

but 

Equating Eqs. ( 1. 70) and ( 1. 71) gives 

V 0 DD 1TR 
-:::---
v. 2L 

1 

or 

Substituting Eq. ( 1. 73) into Eq. ( 1. 68) gives 

V (2L/DTR)(V /V.) + D 
0 0 1 

V.::: (2L/DTR)(V IV.) 
1 0 1 

2 
Vo Vo D 2TR 
-:::-+--
v2 V. 2L 

• 1 
1 

31 

( 1. 67) 

( 1. 68) 

( 1. 69) 

( 1. 70) 

( 1. 71) 

( 1. 72) 

( 1. 73) 

( 1. 74) 

(1. 75) 
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FIG. 1.17 Basic buck-boost converter. 
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v 2 v 2 
~ _ ~ _ D TR= O 

V 2 V. 2L 
. l 

( 1. 76) 

l 

Vo 1+J1 + (2D 2TR/L) v. = 2 ( 1. 77) 
l 

Therefore, from Eq. ( 1. 73) , 

D = ~ 1 + ,.j 1 + ( 2D 2TR /L) 
1 DTR 2 

( 1. 78) 

For the buck-boost converter operating in the discontinuous 
conduction mode, Fig. 1.17 depicts the inductor voltage and 
current behavior. As before, the constant volt-second relation­
ship holds: 

V.DT + V D 1T = 0 
l 0 

v 
0 D =--v. 
l 

P. = V.I. 
l l l 

I.= DI 
l 

From Fig . 1. 1 7 , 

V.DT 
LU= - 1 -

L 

and 

I=~ 
2 

( 1. 79) 

( 1. 80) 

( 1. 81) 

( 1. 82) 

( 1. 83) 

( 1. 84) 
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Therefore, 

( 1. 85) 

Therefore, 

( 1. 86) 

But 

( 1. 87) 

For a 100% efficient system, 

P = P (or, otherwise, nP. = P ) 
i 0 1 0 

( 1. 88) 

( 1. 89) 

( 1. 90) 

Vo= nJ kTtL 
v. 2 

( 1. 91) 
l 

Comparing Eq. ( 1. 91) with Eq. ( 1. 79) gives 

( 1. 92) 
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APPENDIX* 

Table 1. 3 is a summary of some of the most common switching reg­
ulator types. The most popular converters depend on the appli­
cation variables. For a series switching regulator where isolation 
is not required and V OUT < VIN, the buck regulator is most com­
mon. The boost regulator performs a similar function for appli­
cation where VouT >VIN· In applications where isolation be­
tween input and output is required, transformer coupling is em­
ployed. The half-bridge converter is by far the most widely used 
regulator in the industry today. The final choice for a conver­
ter must be based on output current and voltage, frequency of 
operation, component cost, and expected performance levels. 
The appendix table begins on the following page. 

*Reprinted with permission of General Electric and Canadian 
General Electric, Toronto, Ontario, Canada. 
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TABLE 1. 3 Transistor and Diode Requirements for Switching 
Converters 

CIRCUIT 
CONFIGURATION 

TYPE OF 
CONVERTER 

IDEAL 
TRANSFER 
FUNCTION 

COLLECTOR * 
CURRENT Ocl 

COLLECTOR M 
VOLTAGE 
RATING 

DIODE 
CURRENTS 

DIODE 
VOLTAGES 
(VRM) 

VOLTAGE ANO 
CURRENT 
WAVEFORMS 

* 

v" 
!QI) 

® 
BUCK (STEP DOWN) 

IcMAX = IRL +b.Iu/2 

,, 
QI 

IcR1 

'" 

v" 
Q' 

® © 
BOOST (STEP UP) BUCK-BOOST 

~·(TS)c-1) 

VcEO >Vo +I 

,, 
0' 

le RI 

'" 

v" 
,o' 

HIGH EFFICIENCY, SIMPLE, NO TRANS- HIGH EFFICIENCY, SIMPLE, NO TRANS- VOLTAGE INVERSION WITHOUT USING A 

ADVANTAGES 
FORMER, HIGH FREQUENCY OPERATION. FORMER, HIGH FREQUENCY Of'ERATION, TRANSFORMER, SIMPLE, HIGH FREQUENCY 
EASY TO STABILIZE REGULATOR LOOP. OPERATION. 

NO ISOLATION BETWEEN INPUT AND 
OUTPUT. REQUIRES A CROWBAR 1F QI 

DISADVANTAGES SHORTS. Cl HAS HIGH RIPPLE CURRENT. 
CURRENT LIMIT DIFFICULT. ONLY ONE 
OUTPUT IS POSSIBl.E. 

NO ISOLATION BETWEEN INPUT ANO Qt MUST CARRY HIGH PEAK CURRENT, NO 
OUTPUT. HlGH PEAK COLLECTOR CURRENT, ISOLATION BETWEEN INPUT ANO OUTPUT, 
ONLY ONE OUTPUT lS POSSIBLE. POOR ONLY ONE OUTPUT IS POSSIBLE, POOR 
TRANSIENT RESPONSE. REGULATOR LOOP TRANSIENT RESPONSE 
HARD TO STABILIZE. 

-----
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TABLE 1. 3 (Continued) 

CRI 

v, 

@ 
FLYBACK 

IcMAx"IRL"~ (f-;:) + A~LI 

Nic 
QI 

v, 

SIMPLE, MULTIPLE OUTPUTS ARE POSSIBLE. 
COLLECTOR CURRENT REDUCE'D BY TURNS RATIO OF 
TRANSFOftMER. LOW PARTS COUNT, ISOLATION. 

POOR TRANSFORMER UTILIZATION, TRANSFORMER 
DESIGN CRITICAL, HIGH OUTPUT RIPPLE. 

© 
FORWARD 

\/CEO > \/IN (1 + ~) 

IcR1 = ~~AG (-t) 

IcR2"IRL(+) 
IcRa=IRL(T) 

SIMPLE, MULTIPLE OUTPUTS ARE POSSIBLE, COLLECTOR CURRENT 

REDUCED BY RATIO OF *. LOW OUTPUT RIPPLE. 

POOR TRANSFORMER UTILIZATION, POOR TRANSIENT RESPONSE, 
PARTS COUNT HIGH, TRANSFORMER DESIGN IS CRITICAL. 

37 
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TABLE 1. 3 (Continued) 

CIRCUIT 
CONFIGURATION 

TYPE OF 
CONVERTER 

IDEAL 
TRANSFER 
FUNCTION 

COLLECTOR * 
CURRENT Uc> 

COLLECTOR * 
VOLTAGE 
RATING 

DIODE 
CURRENTS 

DIODE 
VOLTAGES 
(VRM) 

VOLTAGE AND 
CURRENT 

* 

* 

® 
HALF BRIDGE 

lcR~ • ~ 

IcR4=~ 

CRI 

WAVEFORMS VcE 

ADVANTAGES 

DISADVANTAGES 

QI 

SlMPLE, GOOD TRANSFORMER UTILIZATION, TRANSISTORS 
RATED AT V1N, ISOLATlON, MULTIPLE OUTPUTS, ic 

REDUCED AS A RATIO OF*. HIGH POWER OUTPUT 

POOR TRANSIENT RESPONSE, HIGH PARTS COUNT, Ct ANO 
C2 HAVE HIGH RIPPLE CURRENT. LIMITED DYNAMIC 
RANGE. REQUIRES AUXILLIARY POWER SUPPLIES FOR 
CONTROL CIRCUITS 

1, 
Ql,C4 

Icm5•lRL 

IcRs"IRL 

StMPLE, GOOD TRANSFORMER UTILIZATION, TRANSISTORS RATED AT VIN• 
ISOLATION, MULTIPLE OUTPUTS, ic REDUCED AS A RATIO OF NZ/NL 
HIGH POWER OUTPUT. 
PREFERRED TO CKT.®WHERE HIGH POWER REQUIRED. 

POOR TRANSIENT RESPONSE, HIGH PARTS COUNT, Cl AND C2 HAVE 
HIGH RIPPLE CURRENT. LIMITED DYNAMIC RANGE. REQUIRES AUXlLLIARY 
POWER SUPPLIES FOR CONTROL CIRCUIT. 
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TABLE 1. 3 (Continued) 

'" IcRl'2 

Iec 
1CR2'2 

SIMPLE, GOOD TRANSFORMER UTILIZATION. 
COLLECTOR CURRENT REDUCED AS A FUNCTION OF *. GOOD AT LOW VALUES Of VIN· 

CROSS CONDUCTION OF QI, 02 POSSIBLE,H!GH PARTS 
COUNT. TRANSFORMER DESIGN CRITICAL. POOR 
DYNAMIC RANGE. POOR TRANSIENT RESPONSE 

CuK teoosr 
® 

BUCK INVERTING) 

~=(-i-;:) Hl 

!CAI' 11+ !2 

11 + 12=!1(-!-) 

Vo+ I 

CONTINUOUS INPUT AND OUTPUT CURRENT, HIGHEST 
EFFICIENCY, LOW RIPPLE, SMALLEST NUMBER OF 
SWITCHING COMPONENTS, SWITCHING LOSSES CUT IN 
HALF, DRIVE CIRCUIT REFERENCED TO GROUND 
HIGHEST OPERATING FREQUENCY. 

HIGH COLLECTOR CURRENT. Cl HAS HIGH RIPPLE 
CURRENT REQUIREMENT. HIGH VOLTAGE REQUIRED 
FOR Qt. POWER OUTPUT LIMITED 

GD 
CuK (WITH TRANSFORMER) 

Ic = 1.5 lRL FOR 0 = 33 (Vo= 5Vn,.l 
Ic = 2 IRL FOR D = 50 (Vo= V1Nl 
le. 2.5 IRL FOR D =.60 (Vo =I 5V1Nl 

IcAI = 1.5 lRL FOR 0 

IcR1'2 IRLFORD 

IcRI' 2.5 IRL FORD =.60 

I 5V1N FORD= 33 

2 V1N FORD= 

2.5 VIN FORD= 

39 

CONTINUOUS INPUT AND OUTPUT CURRENT, HIGHEST EFFICIENCY, VERY 
LOW RIPPLE, SMALLEST NUMBER OF SWITCHING COMPONENTS, SWITCHING 
LOSSES LOW, ORIVE CURRENT REFERENCED TO GROUND HIGHEST 
OPERATING FREQUENCY. 

Cl ANO Cl!. HAVE HIGH RIPPLE CURRENT REQUIREMENTS TRANSFORMER 
DESIGN CRITICAL.. POWER OUTPUT IS LIMITED. 

*For reliable operation, it is suggested and recommended that all 
voltage and current ratings be increased to 125% of the required 
maximum. 



2 
Calculator-Aided Analysis 
and Design 

2.1 INTRODUCTION 

The design and analysis of power converters have been consider­
ably simplified by means of the programmable calculators. In this 
chapter, complete listings of programs for the analysis of the out­
put filter with damping, the buck converter, the boost converter, 
and the buck-boost converter are included. 

The converter programs analyze converter circuits consisting 
of the power control switch, the pulse width modulator (PWM), and 
the related output filter components with damping'.. The equations 
used are based on the c.anonic models derived by Cuk [ 78) . The 
mathematical approach to state-space averaging analysis of these 
converters is given in Appendix A. 

2. 2 GENERAL COMMENTS ON PROGRAMS 
AND CALCULATORS 

All programs were originally written for the HP- 97* calculator and 
recorded on magnetic cards. The magnetic cards were then read 
and translated by the HP- 41 * card reader and then printed out for 
use with the HP- 41 calculator. An appropriate alpha abbreviated 
title was added to each program to facilitate easy alpha address. 

*Registered trademark of the Hewlett-Packard Company. 

40 
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These programs are easily adaptable to other Hewlett-Packard 
calculators, i.e., the HP-67,* HP-34C,* and HP-llC,* with 16 
data storage registers or more. 

The programs have also been converted to the algebraic oper­
ating system (AOS) t language for use on the TI- 58t calculator. 
These converted programs are also adaptable to other Texas In­
struments calulators, that is, the SR-52t and TI-59t calculators. 

Another recent introduction is the HP-15C * calculator from 
Hewlett- Packard. It has a complex stack for complex number ma­
nipulations. This complex stack feature made the HP-15C a very 
versatile calculator, and the circuits herein could be easily ana­
lyzed with this tool. 

No attempt was made to minimize the number of steps in any of 
the programs provided. 

2. 3 GENERAL USER INSTRUCTIONS 

All HP programs assume the use of an optional printer. If no 
printer is attached, the PRTX command should be changed to R/S 
in each case, so that the calculated magnitude will be displayed 
first. Press R /S again to obtain angle. 

Component values for the circuit to be analyzed should be cal­
culated in accordance with the procedures outlined in Chapter 1 
for continuous conduction mode of operation. 

Since the converter programs are analyzing the open- loop re­
sponse of the power stage with the output filter, the output volt­
age should be calculated using the designed DH and DL values for 
given input voltages. See the example in Section 2. 6. 

Load all program steps in "program" mode into the calculator. 
Set the calculator to RUN mode; for HP-41, press PROGRAM to 

come out of program mode and then press the USER key. 
Load all data storage registers according to the tabulations 

given in Table 2.1 for HP calculators or Table 2.2 for TI calcula­
tors, as the case may be. 

Key in frequency. 
Press A O.:+ for HP-41) to run the program. 
Always load DH in register 6 with the corresponding Rmin in 

register 5 for one set of magnitude and phase curves. 

*Registered trademark of the Hewlett-Packard Company. 
tRegistered. trademark of Texas Instruments Limited. 
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TABLE 2. 2 Data Register Allocations for TI-58 Programs 

Program 

Register Output filter Buck Boost Buck-boost 

01 L L L L 
02 c c c c 
03 r r r r 
04 nC nC nC nC 
05 R R R R 
06 D D D 
07 Vo Vo Vo 
08 Vm vm Vm 
09 
10 rL 
11 
12 
13 rL 
14 
15 rL rL 

For the next set of curves, load DL with the corresponding 
Rmax accordingly. 

43 

The calculated magnitude and phase for the key-in frequency 
will be printed out as the calculation is completed. If no printer 
is attached, the initial result displayed is the magnitude. Press 
R /S to obtain angle. 

To run the program for the special case of "no damping," load 
a very small value for r (say, 1 mS"l) and a small value for nC (say, 
1 pF). 

Note: It is important to enter a value other than zero for V m 
(STO 08) to obtain a rational result. 
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'---+---+---~ v 
0 

r 
c 

nC 

FIG. 2 .1 Output filter with damping. 

2. 4 CIRCUITS AND EQUATIONS 

Output Filter with Damping 

R 

Chapter 2 

This circuit is shown in Fig. 2 .1. The transfer function of this 
circuit is represented by He(s) = (V0 /Vi). 

Buck Converter 

This circuit is shown in Fig. 2.2. The small-signal O}ltput to con­
trol voltage transfer function is given by (based on Cuk's canonic 
model [78]) 

( 2.1) 

'---+-----~ v 0 

r 
c R 

FIG. 2.2 Buck converter. 
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v. 
l 

PWM 
AND 

DRIVER 
Q 

FIG. 2. 3 Boost converter. 

Boost Converter 

CR 

45 

r 
R 

c 
nC 

This circuit is shown in Fig. 2. 3. The small-signal output to con­
trol voltage transfer function for this converter is 

...£ = 0 1 - JW H (s) v V [ "L J 
v0 (1 - D)Vm (l _ D)2R e 

( 2. 2) 

Buck-Boost Converter 

This circuit is shown in Fig. 2. 4. The small-signal output to con­
trol voltage transfer function for this converter is 

v V [ . DL ] _.£ _ 0 _ ]W 
v - D(l - D)V l 2 He(s) 

c m (1 - D) R 
( 2. 3) 

r 

c R 

nC 

FIG. 2. 4 Buck-boost converter. 
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PWM 
AND 

DRIVER 

VC 

CR 

c 

FIG. 2.5 Isolated flyback converter. 

Isolated Flyback Converter 

Chapter 2 

R 

This circuit is shown in Fig. 2. 5. The small-signal output to con­
trol voltage transfer function for this converter is 

{) V [ . 2DL ] 0 0 ]Wn ·v = V D(l - D) l - ~--2_- He(s) 
c m (1-D)-R 

(2. 4) 

2.5 PROGRAM LISTINGS 

The following programs are listed in their order of appearance: 

HP-41 and HP-97: Output filter with damping; buck converter, 
continuous conduction; boost converter, continuous conduc­
tion; buck-boost converter, continuous conduction; isolated 
flyback converter, continuous conduction mode 

TI-58: Output filter with damping; buck converter, continuous 
conduction; boost converter, continuous conduction; buck­
boost converter, continuous conduction mode 
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Program Listing for HP-41C: Output Filter with Damping 

067 097 1!!('41c 

STEP/ KEY CODE STEP/ KEY CODE 
LINE KEY ENTRY (67 li7 only) COMMENTS LINE KEY ENTRY (67/i7 only) COMMENTS 

01•LBL 67 49 RCL 01 
02•LBL ··O=P 50 RCL 00 

FIL·· 51 * 03+LBL 10 52 RCL 23 
04+LBL R 53 + 
05 2 54 RCL 22 
06 "' 55 R-P 
07 PI 56 STO 23 
08 "' 57 X< >Y 
09 STO 00 58 STO 22 
10 RCL 04 59 RCL 20 
11 RCL 00 60 RCL 23 
12 * 61 / 

13 1/X 62 LOG 
14 CHS 63 20 
15 RCL 03 64 * 16 R-P 65 STO 20 
17 l/X 66 7PRTX 
18 X<>Y 67 RCL 21 
19 CHS 68 RCL 22 
20 X< >Y E.9 
21 P-R 70 STO 23 
22 STO 21 71 7PRTX 
23 X< >Y 72 RTN 
24 STO 20 73 STOP 
25 RCL 05 74 • END. 
26 1/X 
27 RCL 21 
28 + 
29 RCL 02 
30 RCL 00 
31 "' 32 RCL 20 
33 + 
34 X< >Y 
35 R-P 
36 l/X 
37 STO 20 
38 X< >Y 
39 CHS 
40 STO 21 
41 X<>Y 
42 P-R 
43 STO 22 
44 RCL 24 
45 + 
46 STO" 22 
47 X< >Y 

.48 STO 23 



48 Chapter 2 

Program Listing for HP-IJ1C: Buck Converter, Continuous 
Conduction 

067 097 .41C 

STEP/ KEY CODE STEP/ KEY CODE 
LINE KEY ENTRY (67/97 only) COMMENTS LINE KEY ENTRY (67197 only) 

01+LBL 67 BUCK 49 + 
02•LBL ··BU( 50 RCL 21 

K .. 6:'. RCL 24 
03•LBL 10 r.:. + 
>;i4·• R 53 R-P 

54 STO 23 
~10 •' 55 X<>Y 
07 PI 56 STO 21 
08 * 57 RCL 22 
09 STO 00 58 RCL 23 
10 RCL 04 59 / 

11 * 60 LOG 
12 l/X 61 20 
13 CHS 62 * 14 F :··t_ 03 63 STO 22 
15 p 64 RCL 20 
16 ··x 65 RCL 21 
17 ·,.y 66 
18 CHS 67 STO 23 
19 X<>Y 68 RCL 07 
20 P-R 69 RCL 08 
21 STO 21 70 / 

22 X<>Y 71 RCL 06 
23 c0 TO 22 72 / 

24 RCL 05 73 LOG 
25 l/X 74 20 
26 RC ?1 75 * 27 + 76 RCL 22 
28 RCL 02 77 + 
29 RCL 00 78 7PRTX 
30 * 79 RCL 23 
31 RCL 22 80 7PRTX 
32 + 81 i:IDV 
33 X<>Y 82 RTN 
34 R-P 83 STOP 
35 1/X 84 .END. 
36 STO 22 
37 X< >'< 

-~ t----==~:±:-:= ~- -J 38 CHS 
39 STO 20 
40 X< >Y ------.--------- ·--- -~ 
41 P-R ~T~f~ 42 STO 21 
43 X<>Y ------ ---------
44 STO 23 ----- - ---

45 RCL 01 - ------ -----
46 RCL 00 ---····- ·-----+---·---"···· 
47 * --:~:1-:===r=:=~:-
48 RCL 23 

COMMENTS 
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Program Listing for HP-41C: Boost Converter, Continuous 
Conduction 

067 097 •41C 

STEP/ KEY CODE STEP/ KEY CODE 
LINE KEY ENTRY (67197 only) COMMEKTS LINE KEY ENTRY (67197 only) 

01•LBL 67 BOOST f 49 CHS 
02•LBL ··soo 50 RCL 03 

ST"" 51 RC! 06 
03•LBL 10 52 CHS 
04•LBL R 53 1 
05 2 54 + 
06 * 55 1/X 
07 PI 56 * 08 * 57 R-P 
09 STO 00 58 1/X 
10 RCL 01 59 X<>Y 
11 * 60 CHS 
12 RCL 05 

t 

61 X< >Y 
13 _,.. 62 P-R 
14 RCL 06 63 STO 21 
15 CHS 

t 
64 X< >Y 

16 1 65 STO 22 
17 .. 66 RCL 05 
18 X't2 f 67 l/X 
19 _,.. 68 RCL 21 
20 RCL 07 69 + 
21 * 70 RCL 02 
22 RCL 08 71 RCL 00 
23 _,.. 72 * 24 RCL 06 73 RCL 22 
25 CHS 74 + 
26 1 75 X<>Y 
27 + 76 R-P 
28 _,.. 77 1/X 
29 CHS 78 STO 22 
30 RCL 07 79 X<>Y 
31 RCL 08 80 CHS 
32 _,.. 81 STO 24 
33 RCL 06 82 X<>Y 
34 CHS 83 P-R 
35 1 84 STO 21 
36 + 85 X< >Y 
37 _,.. 86 STO 23 
38 R-P 87 RCL 01 
39 LOG 88 RCL 06 
40 20 89 CHS 
41 * 90 1 
42 STO 09 91 + 
43 X<">Y 92 X"t2 
44 s·1 r~· ~0 93 _,.. 

45 RCL 00 94 RCL 00 
46 RCL 04 95 * 47 * 96 RCL 23 
48 1/X 97 + 

49 

COMMENTS 
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HP-41C: Boost Converter (Continued) 

0 67 .0 97 • 41C 

STEP/ KEY CODE STEP/ KEY CODE 
LINE KEY ENTRY (67/97 only) COMMENTS LINE KEY ENTRY (67197 only) COMMENTS 

98 RCL 25 
99 RCL 06 

100 CHS 
101 1 
102 + 
103 X1'2 
104 / 

105 RCL 21 
106 + 
107 R-P 
108 STO 23 
109 X<>Y 
110 STO 21 
111 RCL 22 
112 RCL 23 
113 / 

114 LOG 
115 20 
116 * 117 STO 22 
118 RCL 24 
119 RCL 21 
120 
121 STO 23 
122 RCL 22 
123 RCL 09 
124 + 
125 7PRTX 
126 RCL 23 
127 RCL 20 
128 + 
129 7PRTX 
130 l=IDV 
131 RTN 
132 STOP 
133 .END. 



Calculator-Aided Analysis and Design 51 

Program Listing for HP-41C: Buck-Boost Converter, Continuous 
Conduction 

067 097 J41C 

STEP/ KEY CODE STEP/ KEY CODE 
LINE KEY ENTRY (67197 only) COMMENTS LINE KEY ENTRY (67197 only) COMMENTS 

01•LBL 67 49 X<>Y 
02•LBL "BKB 50 STO 20 

ST" 51 RCL 00 
03•LBL 10 52 RCL 04 
04•LBL i=l 53 * 
05 2 54 l/X 
06 * 55 CHS 
07 PI 56 RCL 03 
08 * 57 RCL 06 
09 STO 00 58 CHS 
10 RCL 06 59 1 
11 * 60 + 
12 RCL 01 61 l/X 
13 * 62 * 
14 RCL 05 63 R-P 
15 / 64 l/X 
16 RCL 06 65 X< >Y 
17 CHS 66 CHS 
18 1 67 X< >Y 
19 + 68 P-R 
20 ~<1'2 69 STO 21 
21 / 70 X< >Y 
22 RCL 07 71 STO 22 
23 * 72 RCL 05 
24 RCL 06 73 l/X 
25 / 74 RCL 21 
26 RCL 08 75 + 
27 / 76 RCL 02 
28 RCL 06 77 RCL 00 
29 CHS 78 * 
30 1 79 RCL 22 
31 + 80 + 
32 / 81 X<>Y 
33 CHS 82 R-P 
34 RCL fl~ 

- ' 83 l/X 
35 RCL 06 84 STO 22 
36 / 85 X<>Y 
37 RCL 08 86 CHS 
38 / 87 STO 24 
39 RCL 06 88 X<>Y 
40 CHS 89 P-R 
41 1 90 STO 21 
42 + 91 X<>Y 
43 / 92 STO 23 
44 R-P 93 RCL 21 
45 LOG 94 RCL 25 
46 20 95 RCL 06 
47 * 96 CHS 
48 STO 09 97 1 
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067 

HP-41C: Buck-Boost Converter (Continued) 
os1 ri41c 

STEP/ KEY CODE 
LINE KEY ENTRY (67/97 only) 

STEP/ KEY CODE 
LINE KEY ENTRY (67197 only) COMMENTS 

98 + 
99 X1'2 

100 1,,,.-x 
101 * 102 + 
103 STO 21 
104 RCL 01 
105 RCL 06 
106 CHS 
107 1 
108 + 
109 X1'2 
110 / 

111 RCL 00 
112 * 113 RCL 23 
114 + 
115 RCL 21 
116 R-P 
11 7 STO 23 
118 X< >Y 
119 STO 21 
120 RCL 22 
121 RCL 23 
122 / 

123 LOG 
124 20 
125 * 126 STO 22 
127 RCL 24 
128 RCL 21 
129 
130 STO 23 
131 RCL 22 
132 RCL 09 
133 + 
134 7PRTX 
135 RCL 23 
136 RCL 20 
137 + 
138 7PRTX 
139 RDV 
140 RTN 
141 STOP 
142 .END. 

sO 

Chapter 2 

COMMENTS 
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Program Listing for HP-ll1C: Isolated Flyback Converter, 
Continuous Conduction 

0 67 0 97 ri 41C 

STEP/ KEY CODE 
LINE KEY ENTRY (87/117 only) COMMENTS 

STEP/ KEY CODE 
LINE KEY ENTRY (17197 only) 

01+LBL 67 49 20 
02•LBL "FLY 50 * BK"" 51 STO 09 
03•LBL 10 52 X<>Y 
04+LBL R 53 STO 20 
05 2 54 RCL 00 
06 * 55 RCL 04 
07 PI 56 * 08 * 57 l/X 
09 STO 00 58 CHS 
10 RCL 06 59 RCL 03 
11 * 60 R-P 
12 RCL 01 61 l/X 
13 * 62 X<>Y 
14 RCL 25 63 CHS 
15 X1'2 64 X< >Y 
16 * 65 P-R 
17 RCL 05 66 STO 21 
18 / 67 X<>Y 
19 RCL 06 68 STO 22 
20 CHS 69 RCL 05 
21 1 70 l/X 
22 + 71 RCL 21 
23 X1'2 72 + 
24 / 73 RCL 02 
25 RCL 07 74 RCL 00 
26 * 75 * 
27 RCL 06 76 RCL 22 
28 / 77 + 
29 RCL 08 78 X<>Y 
30 / 79 R-P 
31 RCL 06 80 l/X 
32 CHS 81 STO 22 
33 1 82 X<>Y 
34 + 83 CHS 
35 / 84 STO 24 
36 CHS 85 X< >Y 
37 RCL 07 86 P-R 
38 RCL 06 87 STO 21 
39 / 88 X< >Y 
40 RCL 08 89 STO 23 
41 / 90 RCL 01 
42 RCL 06 91 RCL 06 
43 CHS 92 CHS 
44 1 93 1 
45 + 94 + 
46 / 95 X1'2 
47 R-P 96 / 

48 LOG 97 RCL 00 

53 

COMMENTS 
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067 

HP-41C: Isolated Flyback Converter (Continued) 

097 J41C 

STEP/ KEY CODE 
LINE KEY ENTRY (67/97 only) COMMENTS 

STEP/ KEY CODE 
LINE KEY ENTRY (67/97 only) 

98 * 99 RCL 23 
100 + 
101 RCL 21 
102 i;;:-P 
103 STO 23 
104 i<< >\.f' 
105 STO 21 
106 RCL 22 
107 RCL 23 
108 ,--
109 LOG 
i10 20 
111 * 
112 STO 22 
113 RCL 24 
114 RCL 21 
115 
116 STO 23 
117 RCL 22 
118 RCL 09 
119 + 
120 7PRT:>-: 
121 RCL 23 
122 RCL 20 
123 + 
124 7PRTX 
125 RDV 
126 RTt-l 
127 STOP 
128 . Et-lD. 

Chapter 2 

COMMENTS 
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Program Listing for HP-97: Output Filter with Damping 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

!Jfl! ;LK1' 21 ,. HP-97 05? RCLD ,_'it· 14 
01E 0~ Output Filter o~e -24 
[1[1? 0.59 LCIG 16 32 
004 F • .. 1 t>::.+ ~611 :]2 

00S- @61 tffl 
ore STOf1 35 t»: €1t~C. 

007 F.'Ci.....-: 36 04 063 ~Tl]H 3~ 11 
@08 F'CLD 36 fo] 064 FF'T/ -14 

009 [1f5 ;;:c;_p 36 12 
010 ·-'i'.: 066 Fi'CLC jf E 
fi!l CY~: _-:;:, 067 -.:/5 
01:? ,- -;; 3t Pc 068 nor 35 14 
or? •F j4 069 P<:TX -14 
01" 1 ~- O?fi PTN 24 
1315 _;,_.~,. -4! @7! ,,_,.,, 51 
1316 CHS -22 
@F ··+-' -4 ~ 
iJ!B ;p ,;;4 
019 CTOB "' L' 
132@ fi+-' -.:;1 
021 STOQ 35 11 
@22 °Ci...5 56 i:;::: 
t123 1 ·v 52 
824 PC'...B 36 12 080 

825 
826 F-.'C.:..2 ~( 0::· 
827 PcL@ 36 f~1 

028 -.?: 
029 RC'lH J6 _,. 

~.j'tf 

@31 :0+-1 -o:t· 

032 .:,p 34 
t333 1 '\' 52 
034 ~.TOR ].5 11 090 

1335 '..'-+V -41 
036 CHS -22 
03? .S-TOB 35 12 
!H8 x:r -41 
939 -+R 4J 
04@ s·nx: 35 15 
f141 RCLE 36 15 
[1.:12 t -5.5 
@4? s:oc 35 13 
844 Xt\' -4: 100 

@45 STOD ]5 14 
@46 PCL1 36 81 
847 l?CLiJ .,.-... t. 06 
048 -J5 
849 Pf:LF '3€ 14 
@5@ -55 
8::1 RCLC 36 L? 
@52 •P 34 
05? S?"IJD 35 14 
854 Xti -41 110 

@5:: STOC 35 E 
856 RCL~ 36 11 

REGISTERS 

1 L l c 1 r 14 nC R 1 J 1 1 
so 1' IS2 13 1· 55 16 I5' 18 19 
A lB ! D rL _t 
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Program Listing for H P-97: Buck Converter, Continuous 
Conduction 

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

081 .+:LfL4 21 1; HP-97 857 LOG 16 32 
002 2 02 Buck Converter 858 2 82 

003 " -JS 959 0 00 
004 Pi 16-24 Me x -35 

0~5 x -35 861 STOC 35 :;, 
006 srn0 35 00 862 RCU! 36 11 
007 RCL4 36 04 863 RCLB 36 12 
088 x -35 864 - -45 

009 1.lX' 52 065 STOD 35 14 
010 CHS -.E 866 RCL? 36 07 

0Jl RCL? 36 07 067 RCLB 36 08 
812 •P 3'4 068 -24 
Bio J/X 5;2 869 RCL6 3€ 86 
014 x:v -41 070 -24 
015 CHS -22 871 LOG 16 32 
016 x:Y -41 072 2 e.2 
017 •R 44 0?3 0 00 
018 STOP .55 :2 8?4 -3'~ 

019 .':;!Y -41 875 RCLC 36 13 
020 STOC 35 E 876 + -55 
021 RCL5 36 05 877 PRTX -14 

022 !fX 5< 878 RCLD 36 14 
023 RCLP 36 H. 079 PRTX -14 

024 + -55 080 SPC 16-11 

825 RCL2 36 02 081 RTN 24 
626 RCL3 36 00 882 R/S 51 
827 x -3.5 
028 RCi_C 36 13 
029 + -55 
830 x:Y -41 
831 •P 34 
832 1/i< 52 
833 STOC 35 12' 
034 !<t':" -41 090 

035 CHS -c..t:. 
036 STOA 35 11 
03? XtY -41 
838 +R 44 
039 STOB 35 12 
948 Xt\"' -41 
041 ~TOD 35 14 
942 RCL1 36 ei 
94:5 RCL8 36 00 
944 x -35 100 
945 PCLD 36 14 
846 + -55 
04? RCL8 36 12 
948 RCL£ 36 JS 
849 + -55 
1150 +P 34 
851 STOD 35 14 
052 XtY -41 
953 STOB 35 12 
854 RCLC 36 13 110 
855 RCLD 36 14 
856 -24 

REGISTERS 
0 T l ]3 I4 5 ]6 ]7 Vo 18 vm 19 L c r nC R D 
so Js' J52 153 154 S5 156 157 156 1S9 
A ]B J D E ]I rL 
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Program Listing for HP-97: Boost Converter, Continuous 
Conduction 

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

801 :tLBL.H 2! 11 HP-97 857 x:i' -41 
002 2 62 Boost Converter 058 CHS -22 
003 -35 859 X~Y -41 
884 p· 16-24 . ' 060 +R 44 
805 x -35 061 STDB 35 12 
805 STOO 35 8f1 062 x:Y -41 
00? RCL~ 36 01 063 STOC 35 1:?. 
008 -?5 864 RCL5 36 05 
809 PCL5 36 t.15 965 J/X 52 
0!@ -24 866 RCLB 36 12 
0!1 PCL6 36 •• ,; 06? t -~s 
012 CHS -22 868 RCL2 36 02 
on 1 31 !!69 RCW 36 00 
014 -~: 8?0 x -35 
015 g2 ::? 071 RCLC 36 13 
016 -24 072 -55 
Oi? p;.•., oL. 36 0( 873 X~Y -41 
818 -3.5 074 +P 34 
019 RCL8 36 68 075 1/X Si 
028 -2.-. 876 STDC 35 13 
021 RCL6 36 06 0?? X-'·' -4; .. 
022 CHS -22 878 CHS -a 
on 01 079 STDE 35 15 
024 -55 080 Xt'r' -4J 
925 -24 881 +R 44 
826 CHS -22 882 STOB 35 12 
82? RCL7 36 07 083 x:r -~1 
028 RCL8 36 es 884 STOD 35 14 
li29 -24 085 RCU 36 01 
@38 RCL6 - 06 08€ PCL6 J5 06 
031 CHS -2~ 087 CHS -22 
832 1 01 088 1 01 
833 -55 889 t -55 
834 -24 890 x• 5J 
835 "P 34 091 -24 
836 LOG 16 32 892 PCLB 36 8§ 
837 2 02 893 -3~ 
838 e 80 894 RCLD 36 H 
li39 x -35 ~95 t -55 
040 ST09 35 99 09f RCLI 36 46 
041 m· -41 09? RCL6 36 86 
842 STOP. 35 11 898 CHS -22 
843 RCLB 36 06 899 1 81 
844 RCL4 36 84 190 t -55 
045 x -35 101 x• 53 
846 f/X 52 102 -24 
84? CHS -22 193 RCLB 3€- !2 
048 ~CL3 36 Bo 104 + -55 
849 RCL6 36 06 185 •P 34 
050 CHS -2~: 186 STOD 35 14 
851 1 81 18? Xt'r' -41 
8'52 t -55 108 STOP 35 1i 
053 JIX 52 189 RCLC 36 13 
054 x -35 110 RCLD 36 14 
055 •P 34 111 -24 
f56 11X 52 112 LOG 16 32 

REGISTERS r L 1 c 13 r 14 nC R :r D r Vo J6 vm 1 so Ts' 152 153 154 SS TS6 TS7 Tss TS9 

A 
TB l D r Tl rL 
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HP-97: Boost Converter (Continued) 
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

113 2 02 
114 e eo 170 

115 x -35 
llf ~TDC 35 13 
117 RCLE: 36 15 
JH' RCLB 36 12 
119 - -•s 
126 STOD 35 14 
121 RCLC 36 lJ 
122 RCL9 36 09 
123 t -55 
IN PRTX -14 180 

125 RCLD 36 14 
126 RCLA 36 11 
127 t -SS 
128 PRTX -14 
129 SPC 16-11 
138 RTll 24 
131 R/S 51 

190 

140 

200 

150 

210 

160 

220 

LABELS FLAGS SET STATUS 
A B c D E 0 

FLAGS TRIG DISP 
a b c d e 1 ON OFF 

0 D D DEG D FIX D 
0 1 2 3 4 2 1 D D GRAD D SCI D 

5 6 7 8 9 3 2 D D RAD D ENG D 
3 D D "--
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Program Listing for HP-97: Buck-Boost Converter, Continuous 
Conduction 

STEP KEY ENTRY KEV CODE COMMENTS STEP KEV ENTRY KEY CODE COMMENTS 

891 tLBLP. 21 11 HP-97 05? 1 81 

882 2 02 Buck-Boost 858 + -55 

003 ,)!.' -J~ Converter 059 l/X 52 

884 Pi 16-24 060 x -J5 

805 x -J5 061 •P 34 

006 ST00 35 00 862 l/X 52 

007 RCL6 36 86 063 x:~' -41 

808 x -3'5 864 CHS -22 

089 PCU 36 e1 865 x:Y -41 

810 x -35 066 •R 44 

811 RCL5 36 t5 86? STOB 35 12 

812 -24 868 x:v -41 

813 RCL6 36 06 869 STOC 35 lJ 

814 CHS -?2 070 RCL5 36 05 

815 1 i'l 0?1 J,··X 52 

816 + -55 @?2 RCLB 36 12 

81? x• 53 0?3 + -55 

818 -24 8?4 RCL2 36 @2 

819 RCU 36 07 075 RCL0 36 00 

020 x -35 076 x -35 

821 RCL6 36 86 8?7 RCLC 36 J] 

822 -24 878 + -55 

023 RCL8 36 88 879 X:Y -41 

824 -24 888 •P 34 

825 RCL6 36 86 881 J/X 52 

826 CHS -22 882 STOC 35 13 

827 1 81 883 x-+v -41 

828. + -55 084 CHS -22 

829 -24 085 STOE 35 15 

030 CHS -22 886 x:r -41 

831 RCL? 36 o~ 087 +R 44 

832 RCL6 36 06 888 STOB 35 12 

033' -24 889 X'~f -41 

834 RCL8 36 08 !l90 STOD 35 14 

835 -24 091 RCLB 36 12 

836 RCL6 36 06 092 RCU 36 46 

937 CHS -22 893 RCL6 36 86 

83'8 1 81 894 CHS -22 

035' + -55 895 l 61 

848 -24 996 + -55 

041 •P 34 897 x• 53 

042 LOG 16 32 098 ux 52 

943 2 "2 099 x -35 

844 0 00 108 + -55 

845 x -35 101 STOB 35 12 

846 ST09 35 09 182 RCU 36 01 

947 x:y -41 183 RCL6 36 86 

848 STOA 35 11 184 CHS -22 

049 RCL8 36 80 185 l 01 

850 RCL4 36 04 186 + -55 

851 x -35 18? x• 53 

952 J/X 52 108 -24 

053 CHS -22 189 RCL0 36 00 

854 RCLJ 36 oz 110 x -35 

855 RCL6 36 I)( lll RCLD 36 14 

856 CHS -22 ,112 + 
I 

-55 

REGISTERS 
0 :r ]2 1 ]• 5 

R 16 T Vo JS vm 19 L c r nC D 

so 1S1 152 IS3 ]S4 SS IS6 ]S7 ]SB }ss 
A ]B le D TE T· rL 
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HP-97: Buck-Boost Converter (Continued) 

STEP KEV ENTRY KEV CODE COMMENTS STEP KEY ENTRY KEV CODE COMMENTS 

11J PCLP 36 12 
114 +P .3.:t 170 

115 STOD JS 14 
1i6 ,. ' -41 
117 STOB 35 12 
us RCLC 36 1.? 
i19 RCLD 36 14 
128 
121 LOG 16 ..:i.:: 

122 2 [12 
123 8 @.(! 

124 ..,,_. 180 

p•r:; STOC JS 13 
126 RCLE J6 ,. 

Jc• 

127 RCLB .Jb 1·: 

128 -4'.' 
129 STU[! 35 14 
EiJ RCLC 36 1J 
131 RCL9 36 B9 
iJ2 + -,JJ 

133 PRTX -14 
134 RCLD 36 14 190 

135 RCLH 36 11 
136 + -55 
137 PRTX -14 
138 SPC 16-11 
139 RTN 24 
146 R.·S 51 

200 

150 

210 

160 

220 

LABELS FLAGS SET STATUS 
B c D 

FLAGS TRIG DISP 
ON OFF 

0 0 0 DEG 0 FIX 0 
1 0 0 GRAD 0 SCI 0 
2 0 0 RAD 0 ENG 0 
3 0 0 

n __ 
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Program Listing for HP-97: Isolated Flyback Converter, 
Continuous Conduction 

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

001 1·!..BU1 21 ll HP-97 "":is? RCLJ T J6 03 
0e2 2 02 Isolated 058 •P 34 
003 .'.<." -25 Fly back 059 !/X 5Z 
904 Pi Jf-2" Converter 060 x~r -41 
005 x -35 061 CHS -22 
006 ST00 32 00 062 g;~ .. -41 
007 RCLf 36 06 865 +R 44 
008 -35 064 STOB 35 12 
009 RCL1 36 0; 065 :;;y -41 
010 x "" 066 srnc 35 13 -.=. .... 

81! RCLi 36 46 86? RCL5 36 05 
012 xe 5J 068 j/,~ 5? 
01? -Jo 069 RCLB 36 12 
014 .RCL'.i 36 05 070 -55 
815 -24 871 RCL2 3€ 02 
816 RCL6 36 06 072 RCL0 36 0f! 
017 CHS -22 873 -35 
918 01 074 P.CLC 36 E 
819 -55 075 + -55 
020 ,\''E: 5J 076 X;'Y -41 
821 -24 877 -tP J4 
022 RCL? 3-6 !]( 1178 1/X 52 
023 x -35 079 STOC 35 13 
824 RCL6 36 06 080 X;'Y -41 
92~ -24 081 ms -22 
026 RCLS 3€ 06 082 STOE 35 15 
82? -24 98? ."'itY -4! 
028 RCL6 36 06 084 +P 44 
029 CHS -22 085 STOP 35 12 
~30 1 01 086 g;y -41 
831 -55 887 STOD 35 14 
032 -24 888 RCLl 36 0; 
833 CHS -22 889 RCL6 36 05 
034 RCL? 36 a< 890 CHS -22 
835 RCL6 36 06 89! o; 
83f -24 092 -55 
83? RCLB 3f 08 893 ,'l(2 .53' 
838 -24 094 -24 
039 RCL6 36 06 095 RCLB 36 00 
940 CHS -22 096 x -35 
841 ~l 897 RCLD 36 14 
842 + -55 098 + rr -,_ .. _, 
043 -24 099 RCLB 36 1.i 
844 •P 34 180 -:;.p 34 
045 LOG 16 32 101 fTOD 35 14 
946 2 02 102 x:Y -4i 
847 0 00 103 STOB 35 12 
848 x -35 104 RCLC 36 lJ 
849 ST09 35 09 105 RCLD 36 J4 
850 X;'\' -41 106 -24 
851 SiOA 35 11 10? LOr, 16 32 
052 RCLD 36 0f 108 2 02 
053 RCL4 36 84 109 GJ 
854 x -35 110 x -35 
855 J/X 52 JI 1 STOC 15 l? 
056 CHS -22 112 ~~L[ 36 1" 

REGISTERS r L 12 c 1 r J4 nC R 16 D :r Vo 1 v 1 m 
so TS1 1$2 TS3 TS4 SS 1S6 1S7 1" is· 
A 18 l D TE Tl n 
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HP-97 : 
STEP KEY ENTRY 

113 ~CLB 
114 
115 STDD 
116 P,CLC 
11? PCL9 
118 + 
119 PRTX 
129 ~CLO 
f')f PCLA 
122 
123_ PF:TJ:: 
!24 SFT 
12: RTN 
125 R.-<? 

140 

150 

160 

A B 

6 

Isolated Flyback Converter (Continued) 
KEY CODE 

?-6 12 
-d.5 

35 14 
]6 13 
3€ 139 

-51:'. 
-14 

"36 14 
36 11 

-55 
-14 

16-11 

c 

COMMENTS 

LABELS 
D 

STEP KEY ENTRY KEY CODE 

170 

180 

190 

200 

210 

220 

FLAGS 

FLAGS 
ON OFF 

0 0 0 
0 0 
0 0 

3 0 0 

Chapter 2 

COMMENTS 

SET STATUS 

TRIG DISP 

DEG 0 FIX 0 
GRAD 0 SCI 0 
RAD 0 ENG 0 

"--
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Program Listing for Tl-58: Output Filter with Damping 

TITLE _o_u_t_p_u_t_F_i_l t_e_r_w_i_t_h_D_a_rn_p_i_n_g_ PAGE __ OF__ Tl Programmable Jd)51 
PRoGRAMMER __________ oArE Coding Form ~ 

Loc Jcoo§_0 0~~Y ,.t, c~~:ENTS J LOC Jcoo§_0 5 ~EY u~ co~~ENTS J J_ Loc cooE KEY COMMENTS 

o c·:.i 0·3 
91 F.'./S OOJ 1 A 056 :~~~2 ::·:::T 

002' 5 057 :~;5 ·L .· 
003 
004 
005 

00'? 
010 
011 

020 

031 

050 
051 
052 
053 

, 1Q77Tex~s tnstrumentslncorpora!ed 

2 2 
·-' 

5 

0 00 
J F:'.CL 
4 04 
5 

5 

4 ·T-/-

2 

J c:;; 
2 ,,, ' 
2 I<L' 

4 -,_ .... -
2 .··,-; ; 
5 
2 
7 P/b:' 

07 

5 ,-,!;;" 
11.; 

5 

07 
5 

5 
:3 ro:.!_.L.. 

C OJ 
5 
5 + 

6 06 
5 

/F 
4 / -· 

05'3 ':!6 06 
0 6 0 -·, ·:, '.:·:: ~~ T 
D61 -c F'/P 
062 42 STC 
063 C!'3 09 

06 -;::· ;:35 + 
06::: 43 PCL 

072 ::~~3 pc· 1 

07:::: 01 
074 f5 
075 43 F-~:CL 
076 ·~10 

077 95 
07::: ·::5 

,-,,-, 
;11; 

+ 
079 ~:::: f~:CL 
o::;c i~;·3 0·3 

o:::4 '"~2 ·::TO 
035 cs 03 
036 ·:::2 ;:::: T 
0~:;7 ·:· ::;TO 
O;::;f U9 0'3 
OS'?- 43 F.:CL. 

094 ·:~5 
09~l .=·;::: LOG 

0'?7 ··:::2 2 

iOl U6 Cit. 

106 ::~:.3 t'=:!_.L 

MERGED CODES 
s2111 m ?2rm m B3ill!Ql m 
631!11 m 73~ ID 84B DI 
B41D a 74~ m 92[j@ ~ 

TEXAS INSTRUMENTS 
INCORPORATED 
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Program Listing for T 1-58: Buck Converter, Continuous 
Conduction 

TITLE Buck Converter ,Continuous 
Conduction 

PAGE __ OF __ 

PROGRAMMER ________ ~ DATE ____ _ 

Tl Programmable J;t[\ 
Coding Form ~ 

LDC J;oo[ KEY I COMMENTS J>-L_o_c J-+-c_o_o_,[ __ KE_Y_I-+-c_o_M_M_EN_'T_s_, Loe CODE KEY 
!JOO /f, ' D' 

COMMENTS 

001 h 
OC2 b._, 
003 J2 2 

007 ::._, 
oo::: ,::;_2 ~::;To 

OC'?- ·;;1 OD 

012 
013 
014 
015 

04 04 

::.:5 l / ,:·:, 

'34 ··r-/-

017 3 

,_,.;. 7 32 

022 ·::~4 +/-
32 ,:·:, ~ 1 

024 35 ....... . 

025 :~:~2 .. ..,~ [ 

034 ., ....... . 

041 02 02 
042 65 
043 43 PCL 
044 CiO 00 
045 
046 S5 + 

050 
05J. 
052 
053 
054 

' 1977Texaslnstrumentslntorporated 

42 
09 

/-

TD 
09 J 

0 
0 
rJ 
!J 
Cl 

u 
;J 

0 
0 

0 
0 
0 

0 

Cl 
0 
Cl 
0 
0 

0 
0 

i] 

1 

_l 1 

32 ,.-., ~ i 

:35 ,_. " 

l l 

?2 /%T 
·:,7 F'/F'. 

2 12 
._-;.:: >-:; T 
42 ::;TD 

01 

-··:::· I HV 
-~=7 F/F'. 

2 ::::TU 
10 

12 12 

55 

'35 

(,5 ::< 
U2 2 
cc 0 

i . .i. 1 i 

?5 

_L 

_ :• •:·Tn 

1. l 12 1.2 

1 J ..:.3 F'.CL 
20 !)i;'.) 06 

'35 

02 2 

27 S5 + 
.-,:=~ .::;.J 1···'-·L 

29 
-.:iU 
··=~ i 

2 
.·... ~'./ 

MERGED CODES 
621B U1 72[SfQJ m 83@lli m 
63UI DI 73lfil'. m 848 DI 
64DI ID 74~~Ujj Bl 92~ ~ 

TEXAS INSTRUMENTS 
INICORPORA~[_l> 
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Program Listing for T 1-58: Boost Converter, Continuous 
Conduction 

TITLE Boost Converter,Continuous 
Conduction 

PAGE OF Tl Programmable Jdln 
Coding Form '-W 

LOG Jcoo§[_ KEY l COMMENTS Jl-L_O_C J<_,_c_o_o_,§[_ __ KE_Y_j+-c_o_M_M_EN_T_s-lj LOG Jcoo[ KEY l COMMENTS 

:~:;~:!~I 76 L~L Cl Ub Ot. 109 !~:~ 05 
uu_ O ,34 +/- 1 iC! -=-·-* _ ,.-., 
00~~ t:.5 0 35 + 111 ::~5 + 
003 C2 2 O ;:!l 112 4:;: FCL 
004 ·75 - !':.".<! 1:3 .ll 11 
005 t.·5 u ''"+ 

OOf :;:::·::~ 11 0 '35 
007 

Cl 11 
J'.2 

021 
022 
023 
024 
025 

045 

Cl47 

C!4'3 
Cl5C 
051 
052 
053 
054 

• 1977 Texas Instrument~ Incorporated 

,-, !::" 
"":'.! 

55 

cs 
55 

111 

05 

~3 ;··.•-·L. 

- +./ 

es + 
U.i 

,-·,!::" 
-.'.I 

65 

95 
i='t:;' 
._: ._! 

'?5 
55 

- ·T./ -

Ul 

'?5 
·::~4 +/-

U{ 07 

--.::i FCL 

'35 

43 F.:CL 

0 .:_,,::_ ,:-:, ~ i 

0 
u 

0 

0 
0 
0 
u 

.:_. ;" F'/~'. 

r.::• ._1 

uo 00 
65 
4-3 r:::_.L 

04 
'?5 
:;;5 i / ,:-:, 

'34 +/ -
.. ·-··::· 

4:;: tc:i_.L. 

'?4 +/ -

Ul 

'?5 

.,, .,, ) [·j \.' 

3? F'/F 
'34 ~ ..... -
:32 /·,.; f 

35 .:. .... 
-... - .···,.; ! 

32 

1 i 
43 F'.CL 

114 
115 
1 i 6 
1 i 7 

11 '3 
120 

122 

124 
125 
10::::t• 

1JO 
,;, . .:• l 

132 
1 :~: :~' 
l .. )'+ 

140 

'35 

.--i::­
n .. ! 

95 

02 

'34 +/ -

4 14 
•.,• ~ .,.. 

·.~'::::. 1 

35 

37 F'/F.'. 

32 '-·' ~.,.. 

14: i i 1 1 

142 4:~: F'.CL 

1 44 55 

146 43 PCL 
~47 06 06 

152 ·-~· ._:i ~:-:; 2 

MERGED CODES 
s2111m 72filQJDI B3@Q]llll!I 
63Glllll 731@1111 84&1111 
640I.. 74~.. 92[@] ~ 

TEXAS INSTRUMENTS 
IN<ORPOf!AfE.D 
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Tl-58: Boost Converter (Continued) 

PAGE_oF __ Tl Programmable )d7.n 
PRoGRAMMER __________ oATE Coding Form '-V 
TITLE Boost Converter,Continuous 

Conduction 

LOclcoo§[_ KEY L COMMENTS J LOG CODE KEY COMMENTS J LOG COEJE KEY COMMENTS 

158 35 + 2 0'3 '3 
15'3 4:3 RCL 
160 1:3 1:3 
161 '?-5 
162 32 >~%T 
16:::; 4:3 F'.CL 
164 15 15 
165 55 
166 ._ •. ;. 
167 4.:3 F'.CL 
168 Ut:· 06 
169 '?-4 T.·· -

1 70 o._I + 
171 01 
172 54 

174 95 
i75 S5 
1 76 43 ~· L 
177 

179 

182 

185 
186 

'j 

-~:· 

4 
] 

,_.,. 

4 
.;. 

::::1 

4 

:;:; 

,. 
2 
1 

2 

3 
2 
;:; 

3 

1 '34 65 
195 C2 
1'36 co 

42 

200 43 
201 .; 4 
202 75 
2C3 43 
204 ll 

35 

' 1977Te•aslns1rumenlslncorpooated 

,.. T 
'.' 

p ~· 
:=; 0 

T 
s D 

3 
p 

2 

~' L 
3 

::; 0 
2 

~· L 
4 

F L 

:3 '?-5 
4 '31 F.'. s 
5 43 P L 
6 13 
7 ::~5 

'3 J.O 
!J '35 

0 

MERGED CODES 
62m1J.. 72ffi!QJ.. 83[illQ] .. 
63DI DI 73~ a 84111 ID 
64m m 74filT__i;4l D 92~ ~ 

TEXAS INSTRUMENTS 
INCORPORATE P 
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Program Listing for T 1-58: Buck-Boost Converter, Continuous 
Conduction 

TITLE Buck-Boost Converter 
Continuous Conduction 

PAGE OF 

PROGRAMMER~~~~~~~~~~~-DATE~~~~~ 

LOC CODE KEY COMMENTS 

'·- DL... 

2 

,-; 

. 'u 
,_, , _ _; ,-. 

._: l. 

U.'. 

u ~-

UJ 

UJ. 

Ul 

02 

+ 

; .. :2 

U-_~; 

u 

<-

,-,J_ + 

'"4 

·_; ,_; 

;_;._; 

LOC CODE KEY 

o :::; :~s 

0 ·:~ 55 

COMMENTS 

0 Ci ... ~3 h'.CL 
0 =! ::; 0 ~=: 
fJ ::~ 95 
0 "? '='.i5 
0 4 ::~:::: 
0 c:.~ .:'.i-3 F:'.CL 
0 6 ,:h:, Jt. 
0 -:> '34 
0 F ;:;:5 

u . .. -:0 !"' _.,, r- .. · r:. 
2 .:~:TJ 

''i 0 

··;::1 ... ,:-:, 

•-r .. :> - '-·L 

Ul 

-~::7 /R 

Tl Programmable )}r)51 
Coding Form ~ 

LOC CODE KEY COMMENTS 

iiD 
l. l. J 35 ~-. '' 
112 ·:::2 ::<%T 
1 : ::·: 37 F' /F.'. 

11~~ ~2 12 

- ''::"; 1 i 

12C J5 05 
-~·, ._i 

l l 

127 -.r .. :o f'.CL 
12f 02 02 

~ ·::·~) 95 
1 ::::::~; 35 

l -.:ib ·:~5 

.-,,:_; -~4 +/ ·-

'4 

C-~ .-· 

35 ........ 
.~~2 ::::TD 

. .:; 13 

'2 :::· ! u 

MERGED CODES 
62 mil ID 72 2QJ m 83 (§!Q] ID 
631D m 73[~ m a4a m 
641D DI 74[S~ ID 92~~ ~ 

TEXAS INSTRUMENTS 
IN(01'P0RAT£D 
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Tl-58: Buck-Boost Converter (Continued) 

TITLE Buck-Boost Converter 
Continuous Conduction 

PAGE OF 

PROGRAMMER ____________ DATE ____ _ 

Tl Programmable m, 
Coding Form ~ 

LOC lcooEL KEY 

160 
l COMMENTS J I Loe [c_o_o_.E __ KE_Y_..c_c_o_M_ME_N_T_s_H_L_o_c-+c_o_o_E+-_K_E_Y_+-c_o_M_M_EN_T_s--1 

SS + 
161 01 1 

l t.•* .;.)._! ',•' /, 

165 '35 

169 '35 
i ?Ci 42 '.:;TD 

.!. l 

1 7·~:i 43 F.:CL. 
17·~:: Ci1 01 

i ?f '34 +/-

2 
.. _,,_ 2 

2CIC 2 '·' T 

2C!J .:::. :=; u 

205 5 
206 
207 3 

.-, .; ,-, 
C... l u 5 
.:::: l J 2 
.-, '* .-, 
.:::. .!. .:::~ 

5 
2 ::; D 

,. 1977Texaslnstrumentslncorpornted 

14 

L•!~! 

i l 

13 
F.'.CL 

12 
+ 

+ 
f0::1_. L. 

n ;.! 
f'. ! ·~ 

MERGED CODES 
62 ml DJ 72 [llli DJ 83 [i@J DJ 
63 1111 DJ 731filc DJ 841!1 DJ 
64111.. 74~.. 92[~ [~ 

TEXAS INSTRUMENTS 
INCORPORATl'"D 
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2.6 BUCK CONVERTER (CONTINUOUS CONDUCTION) 
EXAMPLE 

v. = 11 v R = 2 rl, I =4A 
i 
min 

min 0 

v. 
i 

= 20 v 
max 

v = 8 v 
0 

v 
0 

v.-=DH 
i . 
min 

R = 8 rl, I =lA 
max 0 

f = 40 kHz 
s 

8 ii , ideal condition 

8 
11 _ 1 , practical, allowing for 1 V drop across 

switch 
= 0. 8 

It is also imperative that the designer select a commutating 
diode with a low V f with fast-switching characteristics for high 
efficiency performance: 

L . 
min 

T (1 - DL)R 
s max 

2 

2.5 x 10- 5(1 - 0.421) x 8 
2 

= 57.9 µH, say 60 µH 

For 0. 5% output voltage ripple, neglecting the effect of esr, 

/'::,v 
0 

0.5 
100 

8(1 - o. 421) 
2 8 x 60 x c x 40 

or C = 1206 µF 
Use 1500 µF 

69 
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MAGNITUDE PLOT LOG SWEEP 

START FREQUENCY MAX = 50 dB 
10 Hz 

t-
t-
t-
t-
t- ~0 
t-
t-
t-
t-
t- 30 
t-
t-
t-
t-
t- ~0 
b. 
t-
t-
t- 10 
t-
t-
t-
t-
t- 0 
t-
t-
t-
t-
t- -10 
t-
t-
t-
t-
t- -20 
t-
t-
t-
t-
t- -30 
t-

2 3 4 5 6 7 881 2 3 4 5 6 7881 2 
10 Hz 

START FREQUENCY MIN = -40 dB 

FIG. 2. 6 Buck converter (no output filter damping). 

Chapter 2 

Et1D FREG!UENCY 
10 kHz 

H 
H 
1-i 
H 

3 4 5 Ei 79:}< 
10 kHz 

€ND FREQIJEtKY 
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MAGMITIJDE PLOT 

STAIH FREOIJEt·IC'r' 
10 Hz 

1-- 40 
1--
1--
I-
I-
1-- 30 
1--
1--
I-
I-
1-- 20 

1--
1--

I- rn 
1--
1--
1--
I-
I- ~ 
I-
1--
1--
1--
1-- -10 
I-
I-
1--
1--
1-- -20 
I-
I-
1--
1--
1-- -Jc1 
1--
I-
I-

LOI~ St.JEEP 

I- 2 "3 4 5E:78'31 
10 Hz 

START FF'.H!UEtlC'r' 

--. ..._ 

·--. 

-. 
~ 

MIH = -4'3 dB 

71 

Et·ID FRE1)UEHCY 
1 t1 kHz 

-
-

·r,····· ...••. J ... .1 .. 

2 4 s 878' 
1l1 kHz 

FIG. 2. 7 Buck converter with output filter damping. 
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PHASE PLOT 

START FREQUENCY 
111 Hz 

LOG SWEEP 

MAX = Iii DEGREES 

Chapter 2 

END FREQUENCY 
10 kHz 

~ - ~ DAMPED ~ UNDAMPED CURVES: 

11111"' Jir L -~11-1---+--+--+-+++--f+--'\l......-+V-+17,...:;.+-H\ l-+-++++-V--r---+-+--+-+-++++-1 

_\] it 
-40--1~-+~+-+-1-+-H-+--~~-v-,.~-+--+-ll...+-hf.+-l--~~-1-~+--+--+--+--l-l--l--I 

~ Jf 
-61i1---l---+---i~-l-l-++-----l-\'lr-+---+--.-l-l-l-+.+---4----l--l---+~l-l-I 

-ee--1~--+~~.i--<~+-1+-~~-+~~illr-""\+--4-.j.-j-+1-+--~~--+~-+--1--11-+-+-++-1 

-1~--+--+--+--+-+-+--1++---4--+--'t\..~~-+-+++----+---lf--+--ll-+--l-+-H 

-120--1,....---+~+-+-+-+~H-~~-+~-+---+--+++_...,.~~~~+-~+--t--+--t-+-+-H 

l\J\ 

-140--'----1---+-~~-+----4-+---<~-+-l-~---'"~~~-+-+-+-+++-I 
-I Slil---l--4---4--l---l~~--~--!f--+--1f-wr[\++++---+--.......... ic:-t-~--t--t--t-++-i 

2 3 4 5 6 7 891 
111 Hz: 

START FREQUENCY 

I\~ ~ 
4 5 s 7 ..i 4 ~ _J 7 sj 3 2 

MIN ~ -180 DEGREES 
111 kHz 

END FREQUENCY 

FIG. 2.8 Damped and undamped curves. 
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BUCK EXr:IMPLE 

WITH DRMPING 

60-06 STO 0 
1 

1 , 500-06 ST 
0 A--=· - "--

0. 1 STO 03 
9 -· 000-0E. ST 

0 04 
~. 

.-!:. STO 05 
0. 8 STO 06 

8 STO A-:> 
- I 

2. C" --· STO 08 

PRES:::; USER 

ENTER FF-:EQUE 
MC'.' 

20 :o<EG! P. 
12. 12700+fH3 

=+=** 
-273.2462-03 

*** 

100 :X:EQ r:I 
13.86651+00 

*** 
-7. 8142E.7+00 

*** 

200 :=<:EQ R 
15.54417+00 

*** 
-43.61321+00 

*** 

300 XEG! A 
12.81393+00 

*** 
-78.30363+00 

*** 

500 :X:EQ i=! 
6.774215+00 

*** 
-105.2004+00 

*** 

73 

H 
-1.940610+00 

*** 
-129.7713+00 

*** 

2 .· 000 ~<:EG! 

R 
-12.01113+00 

*** 
-150.4720+00 

5,000 

*** 

XEQ 
fi 

-27.10840+00 
*** 

-167.4073+00 
*** 

10_.f100 

-39.01633+00 
*** 

-1 73. 6389+0~3 
*** 

20,000 

-51.02347+00 
*** 

-176.8112+00 
*** 

50,000 XEG! 
P. 

-66. 93148+0~:::1 
*** 

-178.7235+00 
**=+= 



74 

LIGHT LOf::ID 

WITH Df::IMPIHG 
8 STO 05 

0.421 STO 0 
6 

ENTER FREQUE 
NCY 

20 XEG! A 
17.70324+00 

*** 
-109.6381-03 

*** 

100 XEQ H 
19.46199+00 

*** 
-6.821867+00 

*** 

200 XEQ R 
21.37333+00 

*** 
-41.80549+00 

*** 

300 XEQ A 
18.79319+00 

*** 
-77.73958+00 

*** 

500 XEQ fi 
12.67915+00 

*** 
-105.8018+00 

*** 

1 .. 000 XEQ 
A 

3.824852+00 
*** 

-130.8302+00 
*** 

Chapter 2 

2,.000 XEQ 
H 

-6.359778+00 
*** 

-151.3638+00 
*** 

5 .. 000 XEQ 
H 

-.21. 51772+00 
*** 

-167.8440+00 
*** 

10,.000 XEQ 
A 

-33.43643+00 
*** 

-173.8644+00 
*** 

20,.000 XEQ 
A 

-45.44637+00 
*** 

-176.9248+00 
*** 

50,.000 XEQ 
A 

-61.35517+00 
*** 

-178.7691+00 
*** 



Calculator-Aided Analysis and Design 

The allowable esr =l:i V 0/ l:iI 0 

esr 
max 

!:iv 
---0 - for 15% current ripple 
0.15 x 4 

0.005 x 8 
0.6 

= o.67 n 

Note that the voltage ripple contributed by actual esr is 

esr V0 T(l - DL) 
!:iv = esr l:iI = --------

esr Lb 

Store 60 µH in data storage register 1. 
Store 1500 µF in data storage register 2. 

75 

For analysis without damping of the output filter, store small 
values in registers 3 and 4. 

Store 0. 001 r2 in data storage register 3. 
Store 0. 001 µ F in data storage register 4. 
Store 8 r2 in data storage register 5. 
Store the corresponding DL of 0. 421 in data storage register 6. 
Store V 0 of 8 V in data storage register 7. 
Store Vm of 2.5 V (for the SG 1524 control circuit) in data stor­

age register 8. 
Neglect rL for this calculation. 
A frequency response plot of the preceding entries was made 

for both magnitude (decibel) and phase (degree). The curves for 
DH and Rmin were plotted by changing the contents of the appro­
priate data storage registers. Figures 2. 6 to 2. 8 show the results 
of these calculations. 

To apply output filter damping, consult Appendix B, Figs. B. 22 
and B. 23. Choose n = 6, r = 0. 1 n. Load data storage registers 
3 and 4 accordingly. Plot DH and DL curves as before. See Figs. 
2.7 and 2.8. (Note: For n = 6, load nC = 9000 µFin register 4.) 

.. 



3 
Design of Magnetic Components 

3. 1 THE TRANSFORMER 

The ideal transformer has no winding resistance, has infinite pri­
mary inductance, and has perfect coupling such that all flux due 
to the ac excitation of the primary will link with the secondary 
winding. Under no load condition (Fig. 3 .1), an infinitely small 
current will flow. This current lags the applied voltage by 90° 
and is responsible for setting up the flux linking the primary wind­
ing with the secondary winding of the transformer. This f1ux is 
constant for a constant applied voltage. Since the flux is the same 
for the primary and the secondary, the induced voltages will be 
proportional to the primary turns N 1 and secondary turns N 2, re­
spectively. Therefore, 

(3 .1) 

For a loaded transformer (Fig. 3. 2) , a secondary current flows: 

(3. 2) 

or 

(3. 3) 

76 
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(a) (b) 

FIG. 3.1 Ideal transformer with no load. 

But N2/N 1 = V2/V 1 ; therefore, multiplying Eqs. (3.1) and (3.3) 
gives 

(3. 4) 

This is the concept of impedance transformation. See Fig. 3.3. 
In general, if v 1(t) is a time-varying voltage source, which, 

at a given instant, assumes the polarity shown in Fig. 3. 4, then 

FIG. 3. 2 Vector diagram of loaded ideal transformer. 
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FIG. 3. 3 Impedance-transforming property to transformer. 

the currents ii(t), iz(t), and i 3(t) will assume the directions in­
dicated and are increasing with time. The positive end of the wind­
ing is marked with a dot. This is the dot notation. 

For a practical transformer, the primary inductance is finite, 
and the winding has finite resistance. A current will flow in the 
primary circuit even when there is no load on the secondary cir­
cuit; this current is called the magnetizing current. The magni­
tude of the magnetizing current is a good indication of the ade­
quacy of the primary inductance for a given number of turns. 

Figure 3. 5 shows an equivalent circuit of a practical transfor­
mer with losses, where rp and rs represent winding resistance 
losses, Li and Lz represent leakage inductances, Lp represents 
finite primary inductance, rh represents eddy current and hys­
teresis losses, and Cp and Cs represent self-capacitances of the 
windings. 

For a sinusoidal input voltage, the flux i.p varies alternately: 

i.p = i.p sin wt 
max 

( 3. 5) 

FIG. 3.4 Transformer with dot notation. 
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r 
p 

79 

FIG. 3. 5 Lumped equivalent circuit of practical transformer. 

The instantaneous voltage induced in the primary is, according to 
Faraday's law, 

e 1 == -N 1.p w cos wt 
max 

Therefore, 

El == - 2'1TfN <P 1 max 
max 

or, the rms value of E 1 == E1: 
max 

::: -4. 44fN 1<P max 

For the general case, the applied voltage 

v 1 == KfN 1.p 
max 

( 3. 6) 

(3.7) 

(3. 8) 

(3. 9) 

(3.10) 

(3.11) 

( 3. 12) 

where K (== 4.44 for sinusoids,== 4 for rectangular wave) is a 
constant. 

The apparent power [ 120] handled by the transformer is the 
sum of the primary volt-amps plus the secondary volt-amps. 
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For N l = N 2 = N, I 1 = I 2 = I, 

Pt= V 1I 1 +V 2I 2 = KfNBAcI 

Chapter 3 

( 3. 13) 

For a given number of amp-turns NI with a given current density 
J to be allocated within a given window area W a with a fill factor 
Ku, the relationship is expressed as 

. NI= K W J u a 

Therefore, 

P = KfBA K W J 
t c u a 

and area product 

or 

AP= WaAc = KfBK J 
u 

The current density J, as derived in Appendix D, is 

J = K.A-0.14 
J p 

pt 
A =-------

p KfBK K.A -O. l 4 
u J p 

Multiplying both sides of Eq. ( 3. 18) by A~ O · 14 gives 

p 
___ t_= A 0.86 
KfBK K. p 

u J 

( 3. 14) 

( 3. 15) 

( 3. 16) 

(3.17) 

( 3. 18) 

( 3. 19) 

The rationalized area product (consistent with the units and di­
mensions given in the list of symbols) is 

A =(pt x 104) 1.16 

p KBfK K. 
u J 

( 3. 20) 
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Equation ( 3. 20) permits the selection of a core on the basis of the 
area product Ap being proportional to the power handling capa­
bility of the transformer. (See Fig. 3. 6.) In other words, the 
amount of copper (wire) and the amount of iron (ferrite or other 
appropriate core material) determine the total power capability of 
the transformer. 

For a practical transformer, the efficiency is less than 100%, 
and 

p 
P. = __Q. 

i n 
( 3. 21) 

where n is the transformer efficiency and 

pt= P. + p 
l 0 

p 
p =_£+P 

t n o 

··-([Q]I 
--J D I-

(a) 

i" 

mT@" W G ' 
a _l_ 

(c) 

Na 

Wa 

( 3. 22) 

( 3. 23) 

Ac 

(b) 

Ac 

(d) 

FIG. 3.6 Core areas of various core types. (a) EI lamination. 
(b) Tape-wound toroidal core. (c) Pot core. (d) Powder core. 
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P=P(!+1) t 0 Tl 
( 3. 24) 

The actual apparent power Pt is dependent on the circuit con­
figuration as shown in Fig. 3. 7. 

With reference to Eq. ( 3. 20) , the flux density B is determined 
by the core material and operating frequency. The window utili­
zation factor Ku depends on the wire lay of the coil(s), the tight­
ness of the winding for a given wire tension, the shape of the 
wire, and the amount and type of insulation material used. Nor­
mally, Ku varies between 0. 4 and 0. 6 and is also affected by wire 
size. For example, if the wire layers are stacked consistently as 
shown in Fig. 3. 8 (neglecting the thickness of the enamel insula­
tion) , then the wire area of one turn is 11a 2. Therefore, the wire 
area of n turns is n11a2. One side of rectangle, h, is (m - l)b + 
2a, where m is the number of layers and a is the radius of the 
wire. The other side of the rectangle, w, is 

Therefore, the area of the rectangle is 

a(~ + 1) [ (m - l)b + 2a] = hw 

The percentage of total area used by the wire is 

2 
n11a 

a[(2n/m) + 1] [(m - l)b + 2a] x lOO% 

But b = a/3; therefore, the area occupied by wire is 

_______ n_TI ______ x 100% of available area 

[(2n/m) + l] [(m - 1)/3 + 2] 

But McLyman [ 120] shows that 

and Eq. (3. 25) is equal to 8283, or 

(3.25) 

( 3. 26) 
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p 
0 

(a) 

(b) 

p 
0 

Pt = 2Pi (ideal) 

1 P = P (- + 1) (practical) 
t 0 Tl 

R 

P = (1 + /2)P. (ideal) 
t l 

Pt= p0 (~ + /2) (practical) 
Tl 

R 

P = 2P./2 (ideal) 
t J_ 

p = 2P (! + 1)/2 (practical) 
t 0 Tl 

(c) 

FIG. 3. 7 Transformer apparent power. 
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h=(b+,)~·run 
for 2 L(.IH]J 

layers 1.. w .j 

~b = a/3 
2aL._D. 

aa 

h is height 

w is width 

FIG. 3.8 Typical wire arrangement of winding. 

S S = ______ n_1T _____ _ 

2 3 [(2n/m) + 1] [(M - 1)/3 + 2] 

For better space utilization with m = 5, n = 40, 

s s = 40 x 3 .1416 
2 3 {[(2 x 41))/5] + 1}[(5 - 1)13 + 2] 

= 0.828 

Allocating 35% window area for insulation, we obtain 

1 s1 = 1. 35 = o.74 

Chapter 3 

( 3. 27) 

This example shows the dependence of Ku on the wire size, num­
ber of turns, number of layers, insulation thickness, and wire lay. 

EXAMPLE 3 .1 Design of 60-Hz power transformer for off-line step­
down application: 

V. = 115 V ac, 60-Hz sinusoid 
1 

V = 35 V ac 
0 

I =7.5A 
0 

Let n = 95% as a design goal. 
Assume the configuration of Fig. 3. 7a with bridge rectifier 

output 
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p == p (1 + .!) 
t o n 

== 262. 5(0 .~5 + 1) 

== 539 w 

From Eq. (3. 20), 

A =(pt x 104)1.16 4 
p KBfK K. cm 

u l 

( 539 x 10 4 )1. 16 

4.44 x 1.4 x 60 x 0.4 x 366 

85 

where B is selected for 1. 4 tesla for laminations, Ku is 0. 4, and Kj is 
366 from Table 3. 1, column 3. Therefore, 

4 
A == 205.82 cm 

p 

Select the core with Ap closest to the calculated Ap value from 
Table 3.2; core 2-138EI has AP== 223.39 cm4. Core Wt== 3.901 kg. 
Tables 3. 3 to 3. 7 present other types of core characteristics. A 95% 
efficient transformer would have a total loss of 

p 
p == ~- p 

E n o 

== 1.052632 x 262.5 

== 13.816 w 

By using the formula in Fig. 3. 9, the core loss is calculated: 

p 

Wfe ==watts/kilogram= 0.557 x l0- 3fl. 68B 1. 86 
t m 

== 0.557 x 10- 3 x 601· 68 x 1.41 · 86 

== 1.01 w /kg 



TABLE 3 .1 Core Configuration Constants 

Core Losses 
K· 

(25J.. C) 

Pot core p =P cu f e 433 

Powder core p »Pf 403 
cu e 

Lamination p =P cu fe 
366 

C-core p =P 
cu fe 

323 

Single-coil p »P 
cu fe 395 

Tape-wound p =P 
cu fe 

250 
core 

J=K.A(x) 
J p 

W = K A O. 75 
t w p 

K 
(50J., C) (x) K 

s 

632 -0. 17 33.8 

590 -0. 12 32.5 

534 -0. 12 41. 3 

468 -0. 14 39.2 

569 -0. 14 44.5 

365 -0. 13 50. 9 

A = K A 0. 50 
t s p 

Vol = K A O. 75 
v p 

K 
w 

48.0 

58.8 

68.2 

66.6 

76.6 

82.3 

K 
v 

14.5 

13. 1 

19. 7 

17.9 

25.6 

25.0 

Co 
0) 

n 
;:l' 

.§ .... 
(I) ., 
t.:> 
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E 
re ..... 
~ 10 
~ 
1iJ 

Vl -~ 
vi= o·-_, E 

...... E. 0::: 
0 re 
u ..... 

en 
..e 
~ LO 
V> 
:t:: 
re 
:;: 

0.l'-----.L.J'--.1..L..1-L-LL.L.LL-~.....1_..LL-L.JL.L.1-LLJ~~--'-'-...Ll__LJ_LJ 

0.01 0. 1 1. 0 
FLUX DENSITY, tesla 

watts/kilogram = O. 557 x 10-3 f(l. 6S) B (1. 86) 
m 

FIG. 3. 9 Armco silicon steel 14 mil. 

10 

For the core 2-138EI with Wt of 3. 901 kg, the core loss is 

pfe = 3.901 x 1.01 w 

= 3.946 w 

Note that for higher-frequency transformer designs, the core 
material is selected by means of Figs. 3. 11 to 3. 19 in a similar 
manner. 

The number of primary turns is derived from Eq. ( 3. 12) as 
follows: 

87 
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FIG. 3. 10 Lamination El and EE dimensional outline- -mechanical 
outline for Table 3. 2. 

V. = KfN <P 
1 p max 

V. = KfN B A 
1 p max c 

(3.28) 

Therefore, the rationalized formula for the number of turns is 

N 
p 

v x 104 
i 

KfB A 
max c 

turns 

115 x 104 

4.44 x 60 x 1.4 x 24.4 

( 3. 29) 

125.37; us.e 130 turns 
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TABLE 3. 2 Magnetic Metals, EI and EE Laminations 

DEFINITIONS 

INFORMATION GIVEN IS LISTED BY COLUMN AS, 

COLUMN 

I. D 

z. E 

3. F 

4. G 

5. MPL 

6. HT 

7. WTH 

s. LT 

9. w 
tfe 

IO. wtcu 

11. MLT 

12. A 
c 

13. w 
a 

14. A 
p 

I 5. K 
g 

16. At 

STACK BUILD UP ......•....••.•.•.••..•••.. (CM) 

TONGUE WIDTH ... •••.•.•••.• , . (CM) 

WINDOW WIDTH .....•.•.•.•...••.•....••.•. (CM) 

WINDOW LENGTH ..•.••...••.•.••.••.••...•. (CM) 

MAGNETIC PATH LENGTH •••.•..••.•••....•.. (CM) 

FINISHED TRANSFORMER HEIGHT =(E+G) ••••••••.. (CM) 

FINISHED TRANSFORMER WIDTH =(E+ZF) ••••.•••.. (CM) 

FINISHED TRANSFORMER LENGTH =Z(E+F) •.•••••.. (CM) 

IRON WEIGHT =(MPL)(Ac)(?.63)/1000 •••.•.••.•.• (KGM) 

COPPER WEIGHT =(MLT)(W a)(Ku)(S. 89)/1000 ••••••• (KGM) 

MEAN LENGTH TURN =Z(D+ZJ)+Z(E+ZJ)+(3. 14)(F) ••••. (CM) 

IRON AREA =(D)(E) ••.. (GROSS) •.••••...• 

WINDOW AREA =(F)(G) .... (GROSS) ••.••••. 

(CM SQ) 

(CM SQ) 

AREA PRODUCT =(Ac)(W a) ••.. (GROSS) .•.....•• (CM 4TH) 

CORE GEOMETRY =(AP) (Ac) (Ku)/MLT .•.. (GROSS) 

. (CM 5TH) 

SURFACE AREA .•••.•.•.••....••...•..•. (CM SQ) 

For mechanical outline, see Fig. 3. 10. 
Note: Number in front of part number is times square stack. 



TABLE 3. 2 (Continued) 

CAT. NO. 

l-94EI 
l-30-31EE 
2-9'.EI 
2-30-31EE 
3-94EI 

l-2S-29EE 
l-32-33EE 
3-30-31EE 
2-28-29EE 
l-186EI 

2-"32-33EE 
1-lBSEI 
3-2S-29EE 
l-187EI 
3-3~-33EE 

l-18SEI 
l-186-187EE 
~-186E! 
l-186-188EE 
l-1B7-188EE 

2-1B5EI 
l-25EIS 
2-187El 
3·186EI 
l-24-25EE 

3-lSSEI 
2-lSSEI 
2-l$6-l87EE 
3-1S7EI 
2-186-lSSEE 

2-187-lSSEE 
3-lSSEI 
2-25EIS 
3-1S6-187EE 
2-24-25EE 

D 
ICM) 

.236 

.236 

.472 

.472 
• 709 

. 317 

.356 

. 709 

.635 

.478 

. 711 

.478 

.952 

.478 
1.067 

.478 

.478 

.955 

.478 

.478 

.955 

.635 

.955 
1.433 

.635 

1.433 
.955 
.955 

1.433 
.955 

.955 
1.433 
1.270 
1.433 
1. 270 

3-l 86-188EE 1. 433 
3-187-lt.SEE 1.433 
1-26-3.SEE . 952 
l-312El • 795 
3-25EIS I. 905 

E 
ICM! 

.236 

.236 

.236 

.236 

. 236 

.317 

.356 

.236 

.317 

.478 

.356 

.478 

.317 

.478 

. 356 

.478 

.478 

.478 

.478 

.478 

.478 

.635 

.473 

.473 

.635 

.478 

.478 

.478 

.478 

.478 

.478 

.478 

.635 

.478 

.635 

.478 

.478 

.952 
• 795 
.635 

MAGNETIC METALS EI AND EE LAHIHATIONS 
GROSS GROSS GROSS 

F 
ICM! 

G 
(CMi 

MPL 
(CMl 

HT WTH LT WTFE WTCU MLT AC WA 
<CMl <CMl <CMl CKGMl CKGMl <CMl (CM SCI) <CM SCll 

3 4 5 6 

.239 

.239 

.239 

.239 

.239 

.396 1.7 .6 

.714 2.4 1.0 

.396 1.7 .6 

.714 2.4 1.0 

.396 l.7 .6 

.317 

.301 

.239 

.317 

.478 

• 795 2. 9 1.1 
.698 2.9 l.l 
.714 2.4 1.0 
• 795 2. 9 1.1 
.635 3.2 1.1 

.381 

.478 

.317 

.478 

.381 

.698 

.874 
• 795 

l.113 
.698 

2.9 
3. 7 
2.9 
4.1 
2.9 

1.1 
1.3 
1.1 
1.6 
1.1 

.478 1.587 5.1 2.1 

.478 l. 748 5.4 2.2 

.478 .635 3.2 1.1 

.478 2.222 6.4 2.7 

.478 2.697 7.3 3.2 

.478 .874 3. 7 l.3 

.635 .952 4.4 l.6 

.478 1.113 4.1 1.6 

.478 .635 3.2 1.1 

.635 1.270 5.1 l.9 

.478 .874 

.478 1.587 

.478 1. 748 

.478 1.113 

.478 2.222 

.478 

.478 

.635 

.478 

.635 

2.697 
l.587 

.952 
l. 748 
1. 270 

3. 7 
5.1 
5.4 
4.1 
6.4 

7.3 
5.1 
4.4 
5.4 
5.1 

.478 2.222 6.4 

.478 2.697 7.3 

.635 1. 321 5.8 

.952 1.984 7.5 

.635 .952 4.4 

1.3 
2 .1 
2.2 
l.6 
2. 7 

3. 2 
2 .1 
1.6 
2 .2 
1.9 

2. 7 
3.2 
2.3 
2.8 
1.6 

8 

• 7 1.0 
. 7 1.0 
.9 1.0 
• 9 1. 0 

1.2 1.0 

1.0 l.3 
1.1 1.5 
1.2 1.0 
1.3 1.3 
1.4 1. 9 

1.5 
1.4 
1.6 
1.4 
1.8 

1.5 
1.9 
1.3 
1.9 
1.5 

1.4 1. 9 
1.4 1. 9 
1.9 1.9 
1.4 1. 9 
1.4 1.9 

1.9 1.9 
1. 9 2 .5 
l.9 1.9 
2 .4 1. 9 
1. 9 2 .5 

2.4 
1.9 
l.9 
2.4 
1. 9 

1.9 
2.4 
2.5 
2.4 
2.5 

1.9 
l.9 
1.9 
1.9 
1.9 

1. 9 
1.9 
2.5 
1.9 
2.5 

2,4 l. 9 
2 .4 1. 9 
2.2 3. 2 
2. 7 3.5 
3.2 2.5 

9 

.001 

. 001 

.001 

. 002 

.002 

• 002 
. 003 
.003 
.004 
. 006 

.006 

.006 

.007 

. 007 
• 008 

.009 

.009 

. 011 

.011 

.013 

.013 

.014 

.014 

.017 

.016 

.019 
• 018 
.019 
. 022 
. 022: 

.025 

.027 

.027 

.028 

.031 

. 033 

.038 
• 04-0 
.036 
.041 

10 

.001 

.001 

.001 

.002 

.001 

11 

2.1 
2.1 
2.6 
2.6 
3.0 

.002: 2. 7 

.003 3.0 

.002 3.0 

.003 3.3 

. 004 3.8 

. 004 

.006 

.004 

. 007 

. 004 

.010 

.011 

. 005 

. 014 

.017 

3. 7 
3.8 
3.9 
3.8 
4.4 

3.8 
3.8 
4.8 
3.8 
3.8 

.007 4.8 

.011 4.9 

.009 4.8 

.006 5.9 

.014 4.9 

.009 

.013 
• 014 
.011 
.018 

.022 
• 016 
.014 
.018 
.018 

5.9 
4.8 
4.8 
5.9 
4.8 

4.8 
5.9 
6.4 
5.9 
6.4 

.022 5.9 

.027 5.9 

.019 6.2 

.044 6.6 

.017 7.7 

12 

.06 

.06 

.ll 

.ll 

.17 

.10 

.13 

.17 
• 20 
. 23 

.25 

.23 
• 30 
.23 
f3S 

13 

.09 

.17 

.09 

.17 

.09 

.25 

.27 

.17 

.25 

.30 

.27 

.42 

.25 

.53 

.27 

.23 .76 

.23 .83 

.46 .30 

.23 1.06 

.23 1.29 

.46 

.40 

.46 

.68 

.40 

.68 

.46 

.46 

.68 

.46 

.46 

.68 

.81 

.68 

.81 

.68 

.68 

.91 

.63 
1.21 

.42 

.60 

.53 

.30 

.SI 

.42 

.76 

.83 

.53 
1.06 

1.29 
• 76 
.60 
.83 
.81 

1.06 
l.29 

.84 
1.89 

.60 

GROSS GROSS 
AP KG 

<CM 4THl <CM 5THl 

14 

.01 

.01 

.Ol 

.02 
• 02 

.03 

.03 

.03 

.05 

.07 

• 07 
.10 
.08 
.12 
.10 

.17 

.19 

.14 

.24 

.29 

.19 

.24 

.24 

. 21 

.33 

.29 

.35 

.38 

.36 

.48 

.59 

.52 

.49 

.57 

.65 

. 73 

.88 
• 76 

l.19 
.73 

15 

• 000056 
• 000101 
• 000183 
• 000330 
.000348 

.000384 
• 000563 
.000627 
. 001240 
.001652 

. 001822 

.002274 
• 002341 
.002895 
.003444 

.004131 

.004547 
• 005286 
. 005783 
• 007019 

. 007274 
• 007960 
.009262 
. 009571 
• 010614 

.013170 
• 013216 
.014548 
.016769 
• 018502 

• 022457 
.023928 
.024529 
• 026340 
• 032705 

.033499 

.040659 

.044456 

.045893 

.046069 

AT 
CCM Siil 

16 

3.0 
4.1 
3.8 
5.0 
4.5 

6.6 
7. i 
5.9 
8.1 

11.0 

9.5 
12.6 
9.6 

14.2 
11.3 

17.4 
18.S 
13.9 
21. 7 
24.a 

15. 7 
20.6 
17.6 
16.8 
23.4 

18.9 
21.2 
22.4 
20.9 
26.l 

29. 7 
25.0 
25.8 
26.4 
29.0 

30.5 
34.S 
33.8 
47.2 
31.0 

co c 

{") 
;:l" 
.g 
..... 
~ 
"':I 
(..:> 



TABLE 3.2 (Continued) 

MAGNETIC METALS EI AND EE LAMINATIONS 
GROSS GROSS GROSS GROSS GROSS 

CAT. NO. D E F G MPL HT WTH LT WTFE WTCU HLT AC. WA AP KG AT tl 
!CHI ICMI !CHI !CHI !CHI !CHI ICHJ !CHI IKGMI IKGMl ICMl !CH SQ) !CH SQl !CH 4THl IC.1 ~'.Yl ICM SQl (\) 

"' ---------------------------------------------------------------------------------------------------------------------------------
4 5 6 7 8 9 10 11 12 13 14 15 16 cE" _____________ .., ___________________________________________________________________________________________________________________ 

;:l 
l-26-27EE .952 .952 .635 l. 748 6.7 2.7 2.2 3.2 .046 . 025 6. 2 .91 l.11 l. 01 . OSSlll 9 38.4 0 
3-Z4-25EE l.905 .635 .635 l.270 5.1 1.9 3.2 2.5 .047 . 022 7. 7 l. 21 .81 .93 . 0614::s 34. 7 -., 
l-27-38EE .952 .952 .635 2.113 7.4 3.1 2 .2 3.2 .051 . 030 6.?. .91 l.34 l.22 . 071129 42.4 S:: l-375EI .952 .952 • 795 l.905 7.3 2.9 2.5 3.5 .051 .036 6.7 • 91 l.51 l. 37 . 0742:66 46.2 0 
2-26-38EE l.905 .952 .635 l.321 5.8 2. 3 3.2 3.2 .081 . 025 8.3 l.81 .84 l.52 .132764 44.2 CQ --------------------------------------------------------------------------------------------------------------------------------- ;:l 
2-312EI l.590 • 795 .952 l.984 7.5 2.8 3.5 3.5 .072 . 056 8.4 l.26 l.89 2.39 .144254 57.2 (\) 

l-50EI l.270 l.270 .635 1.905 7.6 3.2 2.5 3.8 .094 .033 7. 7 l.61 l. 21 l.95 .163800 53.2 
..... 

2-26-27EE 1.905 .952 .635 1. 748 6. 7 2. 7 3.2 3.2 .092 .033 8.3 l.81 l.ll 2. 01 .175657 49.6 o· 
l-21EI l.270 l. 270 .795 2.065 8.3 3.3 2.9 4.1 .102 .048 8.2 l.61 1.64 2.65 . 208652 62.1 (') 
2-27-38EE 1.905 .952 .635 2.113 7.4 3.1 3.2 3.2 .102 .040 8.3 l.81 1.34 2.43 . 212422 54.3 0 
--------------------------------------------------------------------------------------------------------------------------------- 3 
2-375EI 1.905 .952 .795 l.905 7.3 2.9 3.5 3.5 .101 .048 8.8 1.81 l.51 2. 75 . 226078 58.3 "Cl 
3-26-38EE 2.857 .952 .635 l. 321 5.8 2. 3 4.1 3.2 .121 • 030 10. 2 2.n .84 2.28 . 243063 54.6 0 
3-312EI 2.385 • 795 .952 l.984 7.5 2.8 4.3 3.5 .108 . 067 10. 0 l. 90 l.89 3.58 . 272769 67.2 ;:s 
3-26-27EE 2.857 .952 .635 l. 748 6. 7 2. 7 4.1 3.2 .139 .04-0 10. 2 2. 72 l.11 3.02 . 321592 60.8 (\) 

;:l 3-27-38EE 2.857 .952 .635 2.113 7.4 3.1 4.1 3.2 .154 .049 10. 2 2.72 l.34 3.65 . 3SS902 66. 2 ..... 
--------------------------------------------------------------------------------------------------------------------------------· "' 3-375EI 2.857 .952 .795 l.905 7.3 2.9 4.4 3.5 .152 .058 10. 7 2. 72 l.51 4.12 .4183•'+5 70.4 
2-50EI 2.540 l.270 .635 l. 905 7.6 3.2 3.8 3.8 .188 .044 10.2 3.23 1. 21 3. 90 .492436 71. 0 
l-625EI l.587 l.587 .795 2.383 9.5 4.0 3.2 4.8 .183 .064 9.5 2.52 l.89 4. 77 .500804 83.2 
2-21EI 2.540 l.270 .795 2.065 8.3 3.3 4.1 4.1 • 203 .063 10. 7 3.23 l.64 5.30 .636996 81. l 
l-68EI l.748 l. 748 .874 2.619 10.5 4.4 3.5 5.2 .Z44 .084 10 .3 3.05 2 .29 6.99 .825090 100. 7 
---------------------------------------------------------------------------------------------------------------------------------
3-50EI 3.810 l.270 .635 l.905 7.6 3.2 5.1 3.8 .281 .056 13.0 4.84 l.21 5.85 .873603 8$.7 
3-21EI 3.810 l.270 • 795 2.065 8.3 3.3 5.4 4.1 .305 .079 13.5 4.84 l.64 7.94 l.141374 lCO. 0 
l-202EI l.905 l.905 l.270 2.286 10.9 3.9 4.4 7.0 .302 .126 12. 2 3.63 2. 90 10.54 l.251557 131. 7 
l-75EI l.905 l.905 .952 2.857 11.4 4.8 3.8 5. 7 .316 .109 11. 2 3.63 2. 72 9.88 l.277636 119.8 
2-625EI 3.175 l.587 • 795 2.383 9.5 4.0 4.8 4.8 .367 .0&5 12 .6 5.04 l.89 9.55 1.523696 110.9 
--------------------------------------------------------------------------------------------------------------- ------------------
2-68EI 3.495 l. 748 .874 2.619 10.5 4.4 5.2 5.2 .488 .113 13.8 6.11 2.29 13.98 2 .466918 134. 2 
3-625EI 4.762 l.587 • 795 2.383 9.5 4.0 6.4 4.8 .550 .10$ 16.0 7.56 l.89 14.32 2. 704956 l3S.6 
l-87EI 2.222 2.222 1.113 3.335 13.3 5.6 4.4 6.7 .503 .171 13. 0 4.94 3. 71 18.33 2. 786457 163. 0 
2-75EI 3.810 l.905 .952 2.857 11.4 4.8 5. 7 5.7 .633 .147 15.2 7.Z6 2. 72 19. 75 3. 764375 159. 7 
2-202EI 3.810 l. 905 1.270 2.286 10. 9 3.9 6.3 7.0 .605 .168 16.2 7 .26 2. 90 21. 07 3.768576 173. l 
---------------------------------------------------------------------------------------------------------------------------------
3-68EI 4.762 l. 748 .874 2.619 10.5 4.4 6.5 5.2 .665 .135 16.6 8.32 2.29 19. 04 3.824033 15$.6 
1-lOOEI 2.540 2.540 l.270 3.810 15. 2 6.3 5.1 7.6 . 750 .254 14.8 6.45 4.84 31. 22 5.45806$ 212. 9 
3-75EI 5.715 l. 905 .952 2.857 11.4 4.8 7.6 5.7 .949 .184 19.0 10.89 2. 72 29.63 6. 775479 199.6 
3-202EI 5.715 l. 905 ,1. 270 2.286 10. 9 3.9 8.3 7. 0 .907 .207 20.0 10.89 2. 90 31.61 6.867467 214.6 
2-87EI 4.445 2.222 l.113 3.335 13.3 5.6 6.7 6. 7 1.006 .233 17.6 9.88 3. 71 36.65 8.209421 217. 3 
---------------------------------------------------------------------------------------------------------------------------------
l-ll2EI 2.857 2.857 l.430 4.288 17. 2 7.1 5.7 8.6 1.068 .360 16.5 8.17 6.13 50. 06 9.S9c::::ss 269.5 co 
3-87EI 6.667 2. 222 l.113 3.335 13.3 5.6 8.9 6.7 l.508 .297 22.5 14.82 3. 71 54.98 14.4075..'.+8 271. 7 ..... 
2-lOOEI 5.080 2.540 l.270 3.810 15.2 6.3 7.6 7.6 l.500 .345 20. 0 12. 90 4.84 62.43 16. 077472 283. 9 
l-l25EI 3.175 3.175 l.587 4. 762 19. 0 7.9 6.3 9.5 l.465 .492 18.3 10. 08 7.56 76 .21 16. 795435 332. 7 
l-138EI 3.492 3.492 l. 748 5.240 21.0 8.7 7.0 10.5 l.951 .654 20.l 12.20 9.16 111.69 27 .152304 402.5 
---------------------------------------------------------------------------------------------------------------------------------



TABLE 3. 2 (Continued) 

HAGNETIC METALS EI AND EE LAM!HATIONS 
GROSS GROSS GROSS GROSS GROSS 

CAT. NO. D E F G MPL HT WTH LT WTFE WTCU MLT AC WA AP KG AT "' !CMl !CM> ICM> !CH) !CM> ICH) ICH> !CM) !KGHl !KGHl !CMl !CM SQl !CM SQ) !CM 4lltl (CH 5THl £CM SQ) "° ---------------------------------------------------------------------------------------------------------------------------------
3 4 5 6 7 8 9 10 11 12 13 14 15 16 

---------------------------------------------------------------------------------------------------------------------------------
3-lOOE! 7.620 2.540 1.270 3.810 15.2 6.3 10.2 7.6 2.251 .439 25.5 19.35 4.84 93.65 28.400309 354.8 
2-112EI 5.715 2.857 1.430 4.288 17.2 7.1 8.6 8.6 2.137 .489 22.5 16.33 6.13 100.13 29.132582 359.3 
l-150EI 3.810 3.810 1.905 5.715 22.9 9.5 7.6 11.4 2.532 .853 22.0 14.52 10.89 158. 04 41.638281 479.0 
2-125EI 6.350 3.175 1.587 4. 762 19.0 7.9 9.5 9.5 2.930 .679 25.3 20.16 7.56 152 .43 48.669813 443.5 
3-112EI 8.572 2.857 1.430 4.288 17.2 7.1 11.4 8.6 3.205 .623 28.6 24.50 6.13 150.19 51.505089 449.l 
---------------------------------------------------------------------------------------------------------------------------------
l-145EI 3.683 3.683 2.349 7.620 27.3 11.4 8.4 12.l 2.826 1.447 22. 7 13.56 17.90 242.85 57. 985265 600.5 
2-138EI 6.985 3.492 1. 748 5.240 21.0 8.7 10.5 10.5 3. 901 • 901 27. 7 24.40 9.16 223. 39 78. 793698 536. 7 
3-125EI 9.525 3.175 1.587 4. 762 19.0 7.9 12. 7 9.5 4.396 .850 :n.6 30.24 7.56 228.64 87.50'661 554.4 
l-36EI 4.127 4.127 3.175 6.667 27.9 10.8 10.5 14.6 3.632 2.055 27.3 17.04 21.17 360.65 90. o;:-;l24 742. 7 
l-175EI 4.445 4.445 2.222 6.680 26. 7 11.l 8.9 13.3 4.024 1.350 25.6 19. 76 14.85 293. 34 90.64!-/41 652.0 ----------------------------------------------------------------------------------------------... ----------------------------------
2-150EI 7.620 3.810 1.905 5.715 22.9 9.5 11.4 11.4 5.064 1.164 30.l 29.03 10.89 316.08 122.088304 638. 7 
3-13SE! 10.477 3.492 1.748 5.240 21.0 8.7 14.0 10.5 5.852 1.128 34.6 36.59 9.16 335.0S 141.547155 670.9 
l-19EI 4.445 4.445 4.445 7.620 33.0 12.l 13.3 17.8 4.978 3.922 32.6 19. 76 33.87 669.22 162 .443682 1066. 9 
2-145EI 7.366 3.683 2.349 7.620 27.3 11.4 12.l 12.l 5.652 1.954 30. 7 27.13 17.90 485. 70 171.683420 773.5 
3-150EI 11.430 3.810 1.905 5.715 22.9 9.5 15.2 11.4 7.596 1.459 37.7 43.55 10.89 474.11 219.153503 798.4 
---------------------------------------------------------------------------------------------------------------------------------
l-212EI 5.397 5.397 2. 700 8.098 32.4 13.5 10.8 16.2 7.200 2.401 30.9 29.13 21.86 636.95 240.316839 961.6 
2-l 75EI 8.890 4.445 2.222 6.680 i6. 7 11.l 13.3 13.3 8.049 1.841 34.9 39.52 14.85 586.68 265. 924103 869.4 
2-36EI 8.255 4.127 3.175 6.667 27.9 10.8 14.6 14.6 7.264 2. 707 36.0 34.07 21.17 721.29 273.372444 %2.4 
3-145EI 11.049 3.683 2.349 7 .620 27.3 11.4 15. 7 12.l 8.478 2.423 38.l 40.69 17.90 728.54 311.537388 9!+6.6 
l-225EI 5.715 5.715 2.857 8.572 34.3 14.3 11.4 17.l 8.545 2.844 32. 7 32.66 24.50 800.07 320.126244 1077 .8 
---------------------------------------------------------------------------------------------------------------------------------
3-175E! 13.335 4.445 2.222 6.680 26. 7 11.l 17.8 13.3 12.073 2.310 43.8 59.27 14.85 880.03 476. 782902 1086. 7 
3-36EI 12.382 4.127 3.175 6.667 27.9 10.8 18. 7 14.6 10.895 3.328 44.2 51.11 21.17 1081.94 500.250389 1162 .1 
2-l 9EI 8.890 4.445 4.445 7.620 33.0 12.l 17.8 17.8 9.956 5.041 41.9 39.52 33.87 1338.44 505.454826 1332.3 
2-212EI 10. 795 5.397 2. 700 8.098 32.4 13.5 16.2 16.2 14.400 3.272 42.l 58.27 21.86 1273. 90 705.431343 1282.0 
l-20E! 6.350 6.350 4.762 9.525 41.3 15.9 15.9 22.2 12.699 6. 708 41.6 40.32 45.36 1829.14 709.478561 1673.4 
---------------------------------------------------------------------------------------------------------------------------------
3-19EI 13.335 4.445 4.445 7.620 33.0 12.l 22.2 17.8 14. 934 6.112 so. 7 59.27 33.87 2007.67 938.036354 1597 .6 
2-225EI 11.430 5. 715 2.857 8.572 34.3 14.3 17.l 17.l 17. 090 3.875 44.5 65.32 24.50 1600.13 939. 8119"3 1437 .1 
3-212EI 16.192 5.397 2. 700 8.098 32.4 13.5 21.6 16.2 21.599 4.111 52.9 87.40 21.86 1910.85 1263.219345 1602.S 
l-3E! 7.620 7.620 3.810 11.430 45.7 19.0 15.2 22.9 20.255 6. 763 43.7 58.06 43.55 2528.61 1344.824692 1916 .1 
3-225EI 17 .145 5.715 2.857 8.572 34.3 14.3 22.9 17.l 25.636 4.871 55.9 97.98 24.50 2400.20 1682. 339569 1796.4 
---------------------------------------------------------------------------------------------------------------------------------
l-301EI 7.620 7.620 5. 715 11. 430 49.5 19.0 19.0 26. 7 21. 943 11.534 49.7 58.06 65.32 3792. 91 1774. 078934 2409. 7 (""") 
2-20E! 12. 700 6.350 4.762 9.525 41.3 15.9 22.2 22.2 25. 397 8.756 54.3 80.64 45.36 3658.28 2173. 958160 2157 .3 ;J' 
3-20EI 19.050 6.350 4.762 9.525 41.3 15.9 28.6 22.2 38.096 10.805 67.0 120.97 45.36 5487 .43 3963. 993256 2641. l 0 
2-3EI 15.240 7.620 3.810 11.430 45.7 19.0 22.9 22.9 40.511 9.123 58.9 116.13 43.55 5057 .21 3987 .680%9 2554.8 "O 
2-301EI 15.240 7.620 s. 715 11.430 49.5 19.0 26. 7 26. 7 43.887 15. 074 64.9 116.13 65 •. 32 7585.82 5429.829346 3106.4 .... 

Ct> --------------------------------------------------------------------------------------------------------------------------------- -.,; 
l-4EI 10.160 10.160 5.080 15.240 61.0 25.4 20.3 30.5 48.013 15. 918 57.8 103.23 77.42 7991.64 5706.912170 3406.4 w 3-3EI 22.860 7.620 3.810 11.430 45.7 19.0 30.5 22.9 60. 766 11.483 74.2 174.19 43.55 7585.82 7128.220459 3193.5 
3-301EI 22.860 7.620 5. 715 11.430 49.5 19.0 34.3 26. 7 65.830 18.614 80.l 174.19 65.32 11378. 73 9893.697510 3803.2 
2-4EI 20.320 10.160 5.080 15.240 61.0 25.4 30.5 30.5 96.026 21.512 78.l 206.45 77 .42 15983.29 16891.450928 4541. 9 
3-4EI 30.480 10.160 5.080 15.240 61.0 25.4 40.6 30.5 144.038 27 .106 98.5 309.68 77.42 23974.93 30162.247070 5677.4 
---------------------------------------------------------------------------------------------------------------------------------



TABLE 3. 3 Powder Core Characteristics 

l 2 3 4 5 b 7 8 

2 4 ~ I=l* Core At cm A cm MLTcm n@ so 0 c p~ p 

[ 55051 6,569 0.0432 2.16 86 25 o. 215 o. 216 I. 00 

2 55121 11,24 0.139 2.74 160 25 o. 513 o. 369 o. 848 

3 55848 15.69 0.264 2. 97 257 25 o. 897 o. 519 o. 761 

4 55059 20,0Z 0.460 3,45 316 25 1. 27 o. 657 o. 719 

5 55894 28,32. 0.997 4,61 351 25 1. 87 o. 924 o. 703 

6 55586 44.24 1.83 4.32 902 25 4. 69 1. 46 o. 558 

7 55071 40.68 1,95 4.80 656 25 3, 70 1. 34 o. 602 

8 55076 46.91 2.44 4.88 815 25 4, 71 1. 55 o. 574 

9 55083 61.05 4.53 6.07 959 25 6. 84 2. 00 o. 541 

JO 55090 81.58 8. 06 6.66 1372 25 10. 8 2. 68 0.498 

ll 55439 79.37 8.33 7.62 

' 
959 25 8. 49 2. 60 0. 553 

12 55716 91.32 9.32 6,50 1684 25 13. 0 3. 00 0.480 

13 55110 112.4 13.65 7,00 2125 ZS 17. 8 3. 72 o. 457 

copper lose» iron lose 

9 10 11 12 13 

.6.T 25°C I=V* .6.T 50°C 
2 !J@7S"C Px 

J =I/cm J =I/cm 

617 0. 236 o. 503 1. 46 899 

522 o. 563 o. 861 I. 23 762 

469 0. 985 l. 211 I.II 683 

443 1. 39 I. 533 I. 05 647 

433 z. 06 2. 16 I. 02 631 

344 s. 15 3. 40 o. 812 500 

37! 4. 07 3. 13 o. 877 540 

3 53 s. 17 3. 61 0, 814 518 

333 7. 50 4. 68 o. 790 487 

307 11. 8 6, 26 o. 728 449 

341 9. 32 6. 08 o. 807 497 

296 14. 3 7. 00 o. 699 431 

282 19. 6 8. 68 o. 665 410 

14 

Weight 
2 £, Cu 

3. l 2. 71 

6. 8 6. 3 

10 I I. 3 

16 16. 3 

36 23. 2 

35 59. 9 

47 47.4 

52 61. 0 

92 86. 0 

131 140 

182 109 

133 170 

176 226 

15 

Volume 
3 cm 

I. 39 

3. 11 

5. 07 

7. 28 

12. 4 

23. 3 

21. 0 

25. 7 

39. 1 

59. 5 

58. 1 

69. 0 

93. 4 

lb 

A cm 
2 

c 

0. 113 

o. 196 

0. 232 

o. 327 

o. 639 

0. 458 

o. 666 

o. 670 

1. 06 

I. 32 

1. 95 

1. 24 

l. 44 

t:l 
Cl> 
(I) 

cq" 
;:I 

0 ....., 
ii::: 
i::i 

CQ 
;:I 
Cl> -c:;· 
(") 
0 
3 

'O 
0 
;:I 
Cl> 

a 
(I) 

<Cl 

"' 



TABLE 3. 4 Pot Core Characteristics 

l 2 3 4 5 6 7 8 

z 4 ~ I=~ Core At cm A cm MLT cm o 8 so·c PI: p 

l 9x5 z. 93 o. 0065 I. 85 ZS 30 0.175 o. 098 o. 529 

z 11 x 7 4. 35 o. 0152: z. z 37 30 o. 309 0.130 o. 458 

3 14 x 8 6. 96 o. 0393 Z.8 74 30 o. 787 0,208 o. 363 

4 18 x 11 11. 3 0.114 3. 56 143 30 1. 934 o. 339 o. 296 

5 22 x 13 17. 0 0.246 4. 4 207 30 3. 46 o. 510 o. 271 

6 26 x 16 23. 9 0.498 5.Z 96 25 
o. 592 a. 111 o. 778 

7 30 x 19 32. 8 1. 016 6. 0 144 25 1, 024 o. 984 o. 693 

8 36 x 2.Z 44. 8 z. 01 7. 3 189 25 1, 636 I. 34 o. 639 

9 47 x ZS 76. 0 5.62 9. 3 345 25 3, 81 Z.Z8 o. 547 

10 59 x 36 122. 0 13.4 lZ,0 608 25 8. 65 3,66 0,459 

copper loss = iron loss 

9 10 11 12 13 

AT zs·c n ® 1s·c I=V* AT so•c 
z P:o: 

J =I/cm J =I/cm 

1044 0.192 0.230 o. 774 1527 

904 o. 339 o. 304 0.610 132.Z 

716 o. 864 0.487 o. 531 1048 

584 2.12 o. 791 o. 432 853 

535 3 •. 80 1.190 o. 396 78Z 

479 o. 650 1. 67 1.13 6% 

4Z7 1. IZ z. 30 1. 01 6ZZ 

394 1. 79 3, 14 o. 937 577 

337 4. 18 5. 32 o. 798 49Z 

Z83 9. 50 8. 54 0.610 413 

14 

z WE"ight 
fe Cu 

0.8 0,3Z 

l. 7 0.38 

3.Z o. 98 

6.0 2.37 

13 4,30 

Zl 7.5 

36 12.9 

57 20.8 

1Z5 48,0 

Z70 100 

15 

Volume 
3 cm 

o. 367 

0.66Z 

1. 35 

z. 78 

5.17 

8.65 

13. 9 

zz. 0 

48.6 

98. 3 

16 

Ac cm2 

0.10 

0.16 

O. ZS 

o. 43 

0,63 

o. 94 

l. 36 

z. 01 

3. lZ 

4. 85 

(0 
~ 

() 
;:3" 

.§ ... 
~ ., 
w 



TABLE 3. 5 C-Core Characteristics 

Core Atcm2 

AL-2 zo. 9 

AL-3 23. 9 

AL-5 33.6 

AL-6 37.S 

AL-124 45,3 

AL-8 63. 4 

AL-9 69. 0 

AL-10 74. 5 

AL-12 87.0 

10 AL-135 93. 7 

11 AL-78 98. l 

12 AL-18 118 

13 AL-15 120 

14 AL-16 127 

15 AL-17 142 

16 AL-19 159 

17 AL-20 182 

18 AL-22 202 

19 AL-23 220 

20 AL-24 245 

copper loss"' iron loss 

4 A om 
p 

0, 265 

o. 410 

0. 767 

I.Oii 

1.44 

2.31 

3.fl9 

3.85 

4. 57 

s. 14 

6. 07 

7. 92 

9. 07 

10. 8 

14, 4 

18. 0 

22.6 

28. 0 

34, 9 

40.0 

MLT cm 

3.55 

4. 18 

4. 59 

5.23 

5.50 

5. 74 

6.38 

7. 01 

7.09 

7.36 

7. 01 

7.61 

8.05 

8. 89 

10.3 

10. 8 

11.5 

11.5 

12.7 

12.0 

~ 
662 30 

662 30 

946 30 

946 30 

1317 30 

221 20 

221 20 

Zll 20 

278 20 

325 20 

312 20 

510 20 

386 20 

386 20 

386 20 

511 20 

511 20 

637 20 

63? 20 

948 20 

f! @50° c 

8. 93 

10. 5 

16. 5 

18. 8 

27.5 

0. 482 

0. 535 

0.588 

0. 748 

0. 908 

0. 831 

1. 47 

1.18 

1.30 

1.51 

2.10 

2.23 

2.78 

3. 07 

4. 32 

p 
~ 

0.627 

0. 717 

1.01 

1.13 

1.36 

l. 90 

2. 07 

2. 24 

2. 61 

2. 81 

2. 94 

3.55 

3.58 

3.80 

4. 25 

4. 77 

5. 46 

6.05 

6. 60 

7. 35 

I=-Yf 
0.187 

0.185 

0. 174 

0. 172 

0.157 

1. 404 

1.39 

1.38 

1.32 

1. 24 

1.33 

1.10 

1.23 

1.20 

1.185 

1.065 

1.106 

l. 043 

l. 036 

o. 922 

D.. T 25°C 

J-~ 
- cm 2 

370 

365 

345 

341 

310 

271 

268 

266 

255 

240 

256 

211 

237 

233 

228 

205 

213 

201 

200 

178 

10 

!.1@75° C 

9.81 

11.5 

18.l 

20.6 

30. 2 

0. 529 

0.587 

0. 646 

0.821 

o. 997 

0. 912 

1.61 

1.30 

1. 43 

l. 66 

2.31 

2. 45 

3.05 

3. 37 

4. 74 

11 

p~ 

1. 46 

1.67 

2.35 

2.63 

3.17 

4. 44 

4.83 

5. 22 

6, 09 

6.56 

6. 87 

8.26 

8.40 

8. 89 

9. 94 

11.l 

12.7 

14. l 

15. 4 

17. l 

12 

I=-Y!; 

0. 273 

o. 269 

0,255 

0,253 

0, 229 

2. 05 

z. 03 

2.01 

l.93 

1.81 

1. 94 

1.60 

1.79 

1.76 

l.73 

1.55 

1.61 

1.52 

l'.51 

1.35 

13 

t:i.T so·c 
J-~ 

- cm 2 

538 

531 

503 

490 

452 

395 

391 

387 

371 

345 

374 

308 

346 

340 

333 

299 

310 

293 

291 

259 

14 

Weight 
fe Cu 

12.2 11.1 

18.1 13.l 

31.3 20. 5 

41. 7 23.4 

46.6 34.2 

67. 9 60. 0 

89.2 66.6 

110. 0 73.2 

111. 0 93. 2 

114. 0 113. 0 

155. 0 103. 0 

138 0 183. 0 

205.Q 147. 0 

235.0 162.0 

314. 0 188. 0 

328. 0 261. 0 

437.0 278. 0 

489.0 346.0 

612.0 382. 0 

552·0 538.0 

15 

Volume 

om3 

7. 14 

8. 92 

14, 06 

16.88 

22. 50 

35.66 

41. 62 

47, 55 

61.38 

69. 63 

62.83 

94, 79 

94. 43 

104. 95 

124, 94 

155. 44 

187, 08 

212. 04 

244. 67 

280. 91 

16 

2 
Ac cm 

0,265 

0, 410 

0, 539 

0,716 

0.716 

0, 806 

l, 077 

l. 342 

l.26 

l. 26 

I. 34 

l, 25 

I, 80 

2.15 

2. 87 

2.87 

3. 58 

3, 58 

4. 48 

3. 58 

tl 
<1> 
Cll 

cq" 
;::$ 

0 -., 
iS:: 
Q 

CQ 
;::$ 
<1> -:::;· 
C":l 
0 
3 

" 0 
;::$ 
<1> 
;::$ -Cl) 

co 
c:n 



TABLE 3.6 Single-Coil C-Core Characteristics 

Core 

I I AL-2 

Atcm 2 A cm4 
p 

24. 6 I o. 265 

21 AL-3 I 27.61 0.410 

3 I AL-5 I 38. l I o. 767 

41 AL-6 I 41.91 1.011 

r; l AL-1?4! Sl.8[ l.44 

6IAL-8 ! 72.81 Z.31 

71 AL-9 78.41 3.09 

8 l AL-10 83. 91 3. 85 

91 AL-12 I 101.0I 4,57 

IOI AL-1351 110.0[ 5.14 

II I AL-78 I 110.0I 6.08 

12 I AL-18 I 142. o I 7. 87 

13 I AL-15 I 136. 0 I 9. 07 

14 l AL-16 I 143. 0 l 10. 8 

151 A.L-17] 158.0l 14.4 

16 l AL-19 I 182. O I.IS. I 

17 I AL-20 l 205. 0 I 22. 6 

18 I AL-22 I 228. 0 ! 28. 0 

19 I AL-23 I 246. 0 I 35. 0 

20 I AL-24 1 282. 0 1 40, O 

MLTcm 

4. 47 

5. IO 

5. 42 

6. 06 

6. 56 

7. 06 

7. 69 

8. 33 

9. 00 

9. 50 

8. 15 

7.51 

10. I 

IO. 7 

12. 0 

13. 0 

13. 6 

13. 6 

15. 9 

14. 6 

N/ AWG 

83 
20 

83 
20 

119 
20 

119 
20 

175 
20 

255 
20 

255 
20 

255 
20 

327 
20 

370 
20 

406 
20 

564 
20 

444 
20 

444 
20 

444 
20 

563 
20 

563 
20 

704 
20 

704 
20 

1026 

n @S0°C p" 

0. 138 o. 737 

o. 158 o. 828 

0. 238 I. 14 

0. 266 I. 26 

o. 426 1.55 

o. 669 2. 18 

0. 728 2. 35 

0. 788 2.52 

1. 09 3. 03 

I.31 3. 30 

1.23 3.30 

2. 14 4. 26 

l. 66 4. 08 

1. 77 4. 29 

l. 97 4. 74 

2. 71 5. 46 

2. 84 6. 15 

3. 56 6. 84 

3. 89 7. 38 

5. 57 8. 46 

~ 

2.31 

2. 28 

2. 18 

2. 17 

l. 90 

I. 80 

1. 79 

I. 78 

1. 66 

I. 58 

I. 63 

I. 41. 

1. 56 

I.55 

1.55 

l. 41 

I. 47 

1.38 

I. 37 

1.23 

6T 25°C 

I/cm 2 

445 

441 

422 

410 

368 

348 

346 

345 

32! 

306 

316 

272 

302 

300 

299 

274 

284 

267 

265 

238 

10 

n@ 1s 0 c 

0. 151 

o. 173 

0. 26? 

0.?92 

0. 468 

o. 734 

0. 799 

0. 866 

l.?O 

l. 43 

I. 35 

2. 35 

I. 83 

I. 94 

2. 20 

2. 97 

3.1? 

3. 91 

4. 27 

6. 11 

11 12 

p" l=~ 

I. 72 3. 37 

1. 93 3. 34 

2. 67 3. 19 

7. 93 3. 16 

3. 63 2. 78 

5 10 2. 63 

5. 49 2. 62 

5. 87 2. 60 

7. 07 2. 42 

7. 70 2. 32 

7. 70 2. 38 

9. 94 2. 05 

9. 52 2. 28 

10. 0 2. 27 

11.1 2. 24 

l2.7 2. 06 

14. 4 2. 14 

16. 0 2. 02 

17.2 2. 00 

19. 7 I. 79 

13 

c.T so·c 
J ~ I/cm 2 

651 

644 

615 

611 

537 

508 

505 

502 

468 

447 

460 

396 

440 

438 

433 

399 

414 

390 

387 

346 

14 

Weight 
fe Cu 

12. 2 16. 9 

18. I 19. 3 

31. 3 29. 2 

41.7 32.6 

46.6 52. 1 

67. 9 81. 7 

89.2 89.0 

110,0 96.4 

111. 0 134, 4 

114. 0 159. 0 

155. 0 150. 0 

138.0 260.0 

205.0 203,0 

235.0 216.0 

314.0 241.0 

328.0 332.0 

437.0 348.0 

489.0 435,0 

612.0 479.0 

552. 0 680, 0 

15 

Volume 

cm 3 

IO. 7 

12. 5 

19. 7 

21. 9 

30. 8 

53.5 

59. 5 

65. 4 

92. 1 

107. 0 

81. 3 

147. 0 

136. 0 

147. 0 

168. 0 

212. 0 

259. 0 

294. 0 

326. 0 

401. 0 

16 

Accm2 

o. 264 

o. 406 

0. 539 

0. 716 

0 716 

0. 806 

l. 08 

I. 34 

l. 26 

1. 26 

I. 34 

1.25 

I. 80 

2.15 

2. 87 

2. 87 

3. 58 

3. 58 

4. 48 

3. 58 

co 
0) 

c-:i 
;:l' 

.g 
~ 
':I 

<:-> 



TABLE 3.7 Tape-Wound Core Characteristics 

10 

II 
I2 

I3 

I4 

IS 

I6 

17 

18 

I9 

20 

ZI 

2Z 

Z3 

24 

25 

26 

l7 

Core 

52402 

52153 

52107 

52403 

52057 

52000 

52063 

52002 

52007 

52167 

52094 

52004 

52032 

52026 

52038 

52035 

52055 

52012 

52017 

52031 

52103 

52128 

52022 

52042 

52100 

52112 

52426 

At cm2 

7. 26 

8. 29 

11.1 

13.5 

17. 4 

15. 2 

20. 7 

21. 8 

27. 6 

31.5 

30. 4 

46. 1 

56. 5 

61. 0 

65. 9 

88, 9 

116. 0 

110. 0 

179. 0 

256. 0 

Z20. 0 

304, 0 

256. 0 

347. 0 

422. 0 

878. 0 

1014. 0 

copper loss= iron loss 

A cm4 
p 

o. 0100 

0. 0196 

o. 0201 

0. 026 7 

o. 0659 

0. 0787 

o. 132 

o. 144 

0. 380 

o. 516 

o. 592 

0. 725 

I. 46 

2. 18 

2. 91 

4. 68 

6. 81 

9. 35 

12.5 

19. 8 

24. 5 

39. 4 

49. I 

78. 7 

145. 0 

51 o. 0 

813. 0 

MLTcm ~ n@S0°C 

z. 05 

2. 22 

z. 21 

2. 30 

2. 53 

2. 70 

z. 85 

2. 88 

3. 87 

4. 23 

4. 47 

4. 02 

4. 65 

s. 28 

5. 97 

6. 33 

6. 76 

8. 88 

7. 51 

8. 23 

8. 77 

9. 49 

11.3 

12. 0 

15, 4 

zo. 3 

22. 2 

302 30 

302 30 

606 30 

621 30 

1017 30 

60E: 30 

1017 30 

1114 30 

982 30 

1000 30 

1017 30 

315 20 

315 20 

315 20 

315 20 

505 20 

737 20 

505 20 

698 17 

1114 17 

688 17 

1104 17 

688 17 

I I 04 17 

1089 17 

2871 17 

2856 17 

2. 35 

2. 54 

5. 09 

5. 43 

9. 78 

6. 22 

11. 0 

12. 2 

14. 4 

16. 1 

17. 3 

o. 469 

O; 543 

o. 616 

0. 697 

I. 19 

1. 85 

I. 66 

o. 97 

I. 70 

I. 12 

1. 94 

1. 44 

2. 45 

3.11 

10. 8 

11.7 

Pr 

o. 2I 8 

o. 249 

0. 333 

o. 405 

o. 522 

o. 456 

0. 621 

0. 654 

0. 828 

o. 945 

0. 912 

I. 38 

l. 69 

1. 83 

1. 98 

2. 67 

3. 48 

3. 30 

5. 37 

7. 68 

6. 60 

9. 12 

7. 68 

I 0, 4 

12. 7 

26. 3 

24. 4 

lw 

I =v" 
o. 215 

o. 221 

o. 180 

o. 193 

o. 163 

o. 191 

o. 167 

o. 163 

o. 169 

o. 171 

0. 162 

1. 20 

l. 25 

l. 22 

1.19 

l. 06 

o. 970 

0. 996 

I. 66 

l. 50 

]. 72 

1.53 

l. 63 

1. 45 

I. 43 

I.I 

1. 02 

..:i..T zs·c 
J = I/cm2 

425 

436 

357 

38I 

322 

378 

331 

323 

334 

338 

3ll 

234 

Z40 

235 

l30 

Z04 

187 

192 

I60 

I45 

I65 

147 

I 57 

I40 

138 

106 

98. l 

10 

n@1s·c 

2. 58 

2. 80 

5, 59 

5, 96 

10. 7 

6. 82 

12. 1 

13, 4 

15. 8 

17. 6 

19. 0 

o. 515 

o. 596 

o. 676 

o. 765 

1.3 

2. 0 

1. 82 

1. 065 

I. 86 

1. 23 

2. 13 

I. 58 

2. 69 

3. 41 

11. 8 

12. 9 

11 

P>; 

o. 508 

o. 580 

o. 777 

o. 945 

1. 22 

1. 06 

1. 45 

1.53 

1. 93 

2. 21 

z. 13 

3, 23 

3, 95 

4. 27 

4. 61 

6, 22 

8. 12 

7. 70 

12. 5 

17. 9 

15. 4 

21. 3 

17. 9 

24. 3 

29. 5 

61. 5 

71. 0 

12 

'W 
I=yn 

o. 313 

0. 322 

o. 263 

o. 281 

0. 238 

o. 278 

o. 244 

o. 239 

o. 246 

0. 250 

o. 237 

1. 77 

I. 82 

1. 77 

I. 74 

I. 55 

1. 42. 

I. 45 

2. 33 

z. 19 

2. 51 

l. 24 

l. 38 

2. 12 

2. 08 

I. 61 

1. 66 

13 

~T so•c 
J= I/cml 

619 

63& 

520 

556 

471 

550 

483 

472 

487 

494 

468 

34I 

35I 

34Z 

334 

Z98 

273 

280 

274 

21 I 

Z4I 

215 

229 

204 

zoo 

I55 

159 

14 

Weight 
fe Cu 

0.63 3.12 

1. 31 3. 29 

0.80 6.84 

0.88 9.52 

2. 05 13. 1 

3.73 7.97 

4.47 14.4 

4.62 16.0 

14. 5 17. 7 

20.9 19.0 

21. 8 21. 0 

13. 4 56. 8 

29.8 63.7 

44.7 71.3 

59.6 79.4 

71.5 138.0 

83.4 220.0 

143.0 235.0 

107.0 455.0 

131.0 800.0 

238.0 503.0 

286.0 896.0 

477.0 629.0 

572.0 1109.0 

1117.0 1342.0 

2205.0 4895.0 

3814. 0 5077. 0 

15 

Volume 

cm3 

I. 42 

l. 71 

2. 63 

3. 48 

4. 98 

3. 99 

6.,20 

6. 72 

9. 84 

11. 9 

12. 2 

21. 3 

27. 8 

32. 8 

38. 3 

59. 0 

86. 4 

87. 4 

163. 0 

272. 0 

212. 0 

341. 0 

291. 0 

453. 0 

633. 0 

1891. 0 

2299. 0 

lb 

Ac cm 2 

o. 022 

o. 053 

o. 02Z 

o. OZ.2 

o. 043 

o. 086 

o. 086 

o. 086 

o. 257 

o. 343 

o. 386 

o. 171 

o. 343 

o. 514 

o. 686 

0. 686 

o. 686 

1. 371 

o. 686 

o. 686 

I. 371 

1. 371 

2. 742 

2. 742 

5. 142 

6. 855 

10. 968 

b 
Cl! 
(/) 

cq· 
;:s 
0 -.., 
~ 
~ 

CQ 
;:s 
Cl! ... c;· 
C"'l 
0 
3 

"O 
0 
;:s 
Cl! 
;:s ... 
(/) 

<:o 
-.:i 



98 Chapter 3 

O.lL__...L...L----1..L.L.L.LL.ll.l~-.LL-1.-LLLJU...U~_l_---1.....LLU.ill 

0.01 0.1 1.0 
FLUX DENSITY, tesla 

watts/kilogram = 5. 64 x 10-3 fn. 27l B (1. 36l 
m 

FIG. 3.11 Magnetics, Inc., Supermendur 4 mil. 

The current density is given by Eq. ( 3. 17) : 

J = K.A -O. l 4 A/cm 2 
l p 

-0 14 2 2 
=366x205.82 · A/cm =173.62A/cm 

10 



Design of Magnetic Components 

The primary current Ip is calculated by 

p - p 
I = t o A 
p v. 

E 
"' .... 

1 

539 - 262. 5 
115 

= 2.4 A 

~ 10 r-------+----+-+----+--------1 
~ 

Vl -~ 
vi= 
g·E 
LU • 
o:: E 
0"' u .... 

CT> 
.Q 

~ 1. 0 t---------fl--l---+~1----+--------1 
:rg 
;;: 

0.1~-'--"'""'--''-'-'.l..-'-'-"'-----'--'---'--'-l-W--LI.l---i-'---L....L..J--LLl.J 

0. 01 o. 1 1. 0 10 
FLUX DENSITY, tesla 

watts/kilogram " 0. 351 x 10-3 f(l. 4D B (2.13) 
m 

FIG. 3. 12 Arnold Engineering Permalloy 2 mil cut C cores. 

99 



100 Chapter 3 

The bare wire size, Aw(B), for the primary winding is 

I p 2. 40 -3 2 
Aw(B) = J = 173 . 62 = 13. 82 x 10 cm 

From Table 3.8, the value of Aw(B) falls between sizes AWG 15 
and AWG 16. 

Select AWG 16 for the primary winding. 

E 
"' .... 
~ 10 .,, 
:i:: 

"' Vl .~ 
Vl = o·-
-' E 
LU 

E~ c::t:: 
0 "' u .... 

O'> 
..52 
~ 1. 0 .,, 
:i:: 
"' 3: 

O.l'--~..__.___._,_.-'-'-..LJ..J:~...L...l.~L...J.--L.J....W..l..L~-1....-L-1......L.L..w..u 

0.01 0.1 1. 0 10 
FLUX DENS ITV, tesla 

watts/kilogram " o 281 x 10-3 fn. 57) B (1. 95) • m 

FIG. 3. 13 Magnetics, Inc. , alloy 48, 4 mil. 



Design of Magnetic Components 101 

E 
"' ,_ 

.E' 10 "' 
~ 

V'l ·-
V'l = o·-_, E 
LL.I e· 0::: 
0 "' u ,_ 

8' 
~ 1. 0 "' 
~ 

0. 1 1. 0 10 
FLUX DENS ITV, tesla 

watts/kilogram = O. 262 x 10-3 f!l. 39l B (2. 19) 
m 

FIG. 3.14 Siemens Siferrit N27. 

The primary winding resistance from column C of Table 3. 8 
is 

-6 
R = MLT x N x µrl/cm x z;; x 10 

p 

-6 
27.7 x 130 x 131.8 x 1.098 x 10 

0.521 rl 

(3.30) 



102 

E 
"' .._ 

.g> 10 
Vl 

U1! 
V1= o·-_, E 
LU 
a:: E 
0 "' u .._ 

~ 
~ 1. 0 Vl 
:i:: 
~ 

0. 01 0. 1 
FLUX DENSITY, tesla 

watts/kilogram = 1 01 x 10-3 f(l.35) B (2.12) . m 

FIG. 3 .15 Ferroxcube, 3C8 material. 

The primary copper loss is therefore 

p 
cu 

2 
= I R 

p p 
2.402 x 0.521 = 3.00 w 

The bare wire size for the secondary winding is 

I 
0 7 .5 

=-=---= 
J 173.62 

43. 2 x 10 - 3 cm 2 

Chapter 3 

1. 0 



Design of Magnetic Components 

Select AWG 11 for the secondary winding. 
The number of secondary turns is 

N 130 
Ns = /. V0 = 115 x 35 = 39.56, say 40 turns 

1 

O.lL..L.----'....£...J'---L--'--L...J...J....l_L_~L-.l.-..J_J_Lll.l.L-~_L_..L-LL.Ll.J...U 

0.01 0.1 1. 0 
FLUX DENSITY, tesla 

watts/kilogram = 23. 6 x 10-3 f(l. 051 B (1. 30I 
m 

FIG. 3.16 Magnetics, Inc., Supermendur 2 mil. 

10 
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104 Chapter 3 

The secondary winding resistance is 

-6 
R = MLT x N x µr.l/cm x r;; x 10 r.l 

s 

= 27.7 x 40 x 41.37 x 1.098 x 10- 6 n 

= o.os n 

O.l"--_.,~~...L...J...LI.J..._--<.l...-.L....Ji....!-1...W.ll-~..1-..l.-L.J....Ll..JLU 

0. 01 0. 1 1. 0 10 
FLUX DENSITY, tesla 

watts/kilogram = 25. 9 x 10-3 f(l. 041 B U. 631 
m 

FIG. 3.17 Magnetics, Inc., Magnesil 2 mil. 



Design of Magnetic Components 

E 
"' ..... 
~ 10 1--------+--+---,,__ __ _,,._ _____ ----i 

:i::: 
"' Vl .2: 

Vl = g·E 
UJ • 
er: E 
0"' 
u~ 

.S2 
~ 1. 0 I----+-------+---+---.,__--+---------< 

~ 
s: 

0.1 '---'---'L--'-'-..J-L.W-L----'---'---'--'-'-U-.LI..---'--'--'-.._._'-'-'-' 

0.01 0.1 1.0 
FLUX DENSITY, tesla 

watts/kilogram= 0.559 x 10-3 f(L 4D B (l. 27l 
m 

FIG. 3 .18 Magnetics, Inc., Orthonol 2 mil. 

The secondary loss is 

p 
cu 

2 2 = I R = 7. 5 x 0. 05 
s s 

Total loss: 

2.83 w 

Pl: = primary P cu + secondary P cu + P fe W 

3 + 2.83 + 3.946 w 

9.78 w 

10 
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106 Chapter 3 

0.1~~~~~~~~~~~~~~~~~~~~ 

0.01 0.1 1. 0 
FLUX DENSITY, tesla 

watts/kilogram = 5 97 x 10-3 f(l.26l B (1, 73) • m 

FIG. 3. 19 Arnold Silectron 2 mil. 

10 

EXAMPLE 3. 2 Design of 400-Hz power transformer using the 
core geometry approach (complete details and derivations of 
formulas used in this method can be found in McLyman [120, 
122]) . In this approach, the regulation and power capability 
of the transformer are related to the core geometry constant 
Kg, the electrical constant Ke, and .the r~gulation constant a.: 

1 
P = 2K K a. = P - + /2 = 214. 62 

t g e o n ( 3. 31) 



Design of Magnetic Components 

The core geometry constant Kg is given by [ 120] 

AWG 
Wire 
Size 

10 
11 
12 
13 
14 

15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
31 
32 
33 
34 

35 
36 
37 
38 
39 

40 
41 
42 
43 
44 

K 
g 

The constant Ke is given by 

K 
e 

TABLE 3. 8 Wire Table 

Bare Area Resistance Heavy Synthetics 

cm2 I0-3 10-6 n Area 

(footnote b) Cir-Mila cm at 20°C cm2 10-3 Cir-Mila 

52.61 10384 32.70 55.9 l 1046 
41.68 8226 41.37 44.5 8798 
33.08 6529 52.09 35.64 7022 
26.26 5184 65.64 28.36 5610 
20.82 4109 82.80 22.95 4556 

16.51 3260 104.3 18.37 3624 
13.07 2581 131.8 14.73 2905 
10.39 2052 165.8 11.68 2323 
8.228 1624 209.5 9.326 1857 
6.531 1289 263.9 7.539 1490 

5.188 1024 332.3 6.065 1197 
4.116 812.3 418.9 4.837 954.8 
3.243 640.l 531.4 3.857 761.7 
2.588 510.8 666.0 3.135 620.0 
2.047 404.0 842.1 2.514 497.3 

1.623 320.4 1062.0 2.002 396.0 
1.280 252.8 1345.0 1.603 316.8 
1.021 201.6 1687.6 1.313 259.2 
0.8046 158.8 2142.7 1.0515 207.3 
0.6470 127.7 2664.3 0.8548 169.0 

0.5067 100.0 3402.2 0.6785 134.5 
0.4013 79.21 4294.6 0.5596 110.2 
0.3242 64.00 5314.9 0.4559 90.25 
0.2554 50.41 6748.6 0.3662 72.25 
0.2011 39.69 8572.8 0.2863 56.25 

0.1589 31.36 10849 0.2268 44.89 
0.1266 25.00 13608 0.1813 36.00 
0.1026 20.25 16801 0.1538 30.25 
0.08107 16.00 21266 0.1207 24.01 
0.06207 12.25 27775 0.0932 18.49 

0.04869 9.61 35400 0.0723 14.44 
0.03972 7.84 43405 0.0584 11.56 
0.03166 6.25 54429 0.04558 9.00 
0.02452 4.84 70308 0.03683 7.29 
0.0202 4.00 85072 0.03165 6.25 

A B c D E 

a This data from REA Magnetic Wire Datalator 
b This notation means the entry in the column must be multiplied by I 0-3 

Diameter Turns·Per: 

cm Incha cm In cha 

0.267 0.1051 3.87 9.5 
0.238 0.0938 4.36 10.7 
0.213 0.0838 4.85 11.9 
0.190 0.0749 5.47 13.4 
0.171 0.0675 6.04 14.8 

0.153 0.0602 6.77 16.6 
0.137 0.0539 7.32 18.6 
0.122 0.0482 8.18 20.8 
0.109 0.0431 9.13 23.2 
0.0980 0.0386 10.19 25.9 

0.0879 0.0346 11.37 28.9 
0.0785 0.0309 12.75 32.4 
0.0701 0.0276 14.25 36.2 
0.0632 0.0249 15.82 40.2 
0.0566 0.0223 17.63 44.8 

0.0505 0.0199 19.80 50.3 
0.0452 0.0178 22.12 56.2 
0.0409 0.0161 24.44 62.1 
0.0366 0.0144 27.32 69.4 
0.0330 0.0130 30.27 76.9 

0.0294 0.0116 33.93 86.2 
0.0267 0.0105 37.48 95.2 
0.0241 0.0095 41.45 105.3 
0.0216 0.0085 46.33 117.7 
0.0191 0.0075 52.48 133.3 

0.0170 0.0067 58.77 149.3 
0.0152 0.0060 65.62 166.7 
0.0140 0.0055 71.57 181.8 
0.0124 0.0049 80.35 204.l 
0.0109 0.0043 91.57 232.6 

0.0096 0.0038 103.6 263.2 
0.00863 0.0034 115.7 294.1 
0.00762 0.0030 131.2 333.3 
0.00685 0.0027 145.8 370.4 
0.00635 0.0025 157.4 400.0 

F G H 

107 

( 3. 32) 

( 3. 33) 

Tums-Per: Weight 

cm' Inch2 gm/cm 

10.73 69.20 0.468 
13.48 89.95 0.3750 
16.81 108.4 0.2977 
21.15 136.4 0.2367 
26.14 168.6 0.1879 

32.66 210.6 0.1492 
40.73 262.7 0.1184 
51.36 331.2 0.0943 
64.33 414.9 0.07472 
79.85 515.0 0.05940 

98.93 638.1 0.04726 
124.0 799.8 0.03757 
155.5 1003 0.02965 
191.3 1234 0.02372 
238.6 1539 0.01884 

299.7 1933 0.01498 
374.2 2414 0.01185 
456.9 2947 0.00945 
570.6 3680 0.00747 
701.9 4527 0.00602 

884.3 5703 0.00472 
1072 6914 0.00372 
1316 8488 0.00305 
1638 10565 0.00241 
2095 13512 0.00189 

2645 17060 0.00150 
3309 21343 0.00119 
3901 25161 0.000977 
4971 32062 0.000773 
6437 41518 0.000593 

8298 53522 0.000464 
10273 66260 0.000379 
13163 84901 0.000299 
16291 105076 0.000233 
18957 122272 0.000195 

K L 

Source: Courtesy of Arnold Engineering Co., Marengo, Illinois. 



108 Chapter 3 

TABLE 3.9 Coefficient Kg for Laminationsa 

Core b 10-3 K 2 
Ac' 

2 
MLT, cm G, cm D, cm wa' cm cm 

g 

EE 3031 o. 103 o. 176 0.0502 1. 72 0.714 o. 239 

EE 2829 0.356 0.252 o. 0907 2.33 o. 792 o. 318 

EI 187 2. 75 o. 530 o. 204 3.20 I. 113 o. 478 

EE 2425 8.37 0.807 0.363 5. 08 I. 27 o. 635 

EE 2627 51. 1 1. 11 0.816 5. 79 I. 748 o. 953 

EI 375 63.8 I. 51 0.816 6. 30 1.905 o. 953 

EI 50 144 1. 21 1. 45 7. 09 1. 91 1. 27 

EI 21 181 I. 63 1. 45 7.57 2. 06 1. 27 

EI 625 441 1. 89 2. 27 8.84 2. 38 1. 59 

EI 75 1100 2. 72 3.27 10. 6 2.86 1. 91 

EI 87 2390 3. 71 4.45 12. 3 3.33 2.22 

EI 100 4500 4.83 5. 81 14. 5 3. 81 2. 54 

EI 112 8240 6. 12 7.34 16. 0 4.28 2.86 

EI 125 14100 7. 57 9. 07 17.7 4.76 3. 18 

EI 138 25400 9.20 11. 6 19. 5 5.24 3. 49 

EI 150 35300 10.9 13. 1. 21. 2 5. 72 3. 81 

EI 17 5 75900 14. 8 17. 8 24.7 6. 67 4. 45 

EI 36 74900 21. 2 15. 3 26.5 6.67 4. 13 

EI 19 13 5000 33.8 17. 8 31.7 7. 62 4.45 

aWhere K = o. 4. bMagnetic Metals. 
u 
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The specification of the example transformer is as follows: The 
circuit configuration is shown in Fig. 3. 7b. 

v 0 = 28 + v f 

where V f is diode forward voltage drop (assume V f = 1 V), 10 = 
3.0 A, Vi= 115-V ac sinusoid, f = 400 Hz, n = 95% (target efficiency), 
and a = 2% (target regulation). 

Using Eq. (3.33), 

2 2 2 -4 
K = 0.145 x 4.44 x 400 x 0.9 x 10 = 37 

e 

TABLE 3 .10 Coefficient Kg for Powder Corea 

Core b 10- 3 K 2 
Ac' 

2 
wa' cm cm g 

55051 o. 901 o. 381 o. 113 

55121 4. 00 o. 713 o. 196 

55848 8.26 1. 14 0.232 

55059 17. 4 1. 407 0.327 

55894 55. 3 1. 561 0.639 

55586 77. 7 4.00 0.458 

55071 108 2. 93 o.666 

55076 134 3. 64 o. 670 

55083 316 4. 27 1.060 

55090 639 6. 11 1. 32 

55439 852 4. 27 1. 95 

55716 712 7. 52 1. 24 

55110 1123 9. 48 1. 44 

aWhere ~ = 0.4. bMagnetics, Inc. 

MLT, cm 

2. 16 

2.74 

2.97 

3.45 

4. 61 

4.32 

4.80 

4.88 

6.07 

6. 66 

7.62 

6.50 

7.00 
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TABLE 3.11 
a 

Coefficient Kg for Pot Cores 

b 10- 3 K 2 
A, Core w, cm 

g a c 
2 

MLT, cm cm 

9 x 5 o. 109 0,065 o. 10 1. 85 

11 x 7 o. 343 0.095 o. 16 2. 2 

14 x 8 1. 09 o. 157 0.25 2. 8 

18 x 11 4.28 0.266 o. 43 3.56 

22 x 13 10.9 0.390 o. 63 4. 4 

26 x 16 27.9 0.530 0.94 5. 2 

30 x 19 71. 6 0.747 1. 36 6.0 

36 x 22 171 1. 00 2. 01 7. 3 

47 x 28 584 1. 80 3. 12 9. 3 

59 x 36 1683 2. 77 4.85 12. 0 

aWhere K = o. 31. bSiemens. 
u 

The core geometry constant Kg is calculated using Eq. (3.31) 
(see Tables 3. 9 to 3. 11) : 

Select from Table 3.12 a C-core, AL-19 with Kg= 1.60. The 
number of primary turns is calculated using Eq. ( 3. 29): 

115 x 104 
Np= 4.44 x 2.87 x 0.9 x 400 = 250 turns 

The effective window area W a( eff) is 
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TABLE 3 .12 Coefficient Kg for C Coresa 

Core 
b 10- 3 K wa' 

2 
A, 

2 
MLT, G, D, cm cm cm cm cm 

g c 

AL-2 6. 27 1. 006 0.264 4.47 1. 587 o. 635 

AL-3 14 •. 4 1. 006 0.406 5. 10 1. 587 0.952 

AL-5 30.5 1. 423 o. 539 5.42 2.22 0.952 

AL-6 47.8 1. 413 o. 716 6.06 2.22 1. 27 

AL-124 63. 1 2.02 o. 716 6. 56 2. 54 1. 27 

AL-8 106 2.87 0.806 7.06 3. 015 0.952 

AL-9 173 2.87 1. 077 7. 69 3. 015 1. 27 

AL-10 248 2.87 1. 342 8.33 3. 015 1. 587 

AL-12 256 3,63 1. 260 9.00 2.857 1. 27 

AL-135 273 4.083 1. 260 9.50 2.857 1. 27 

AL-78 399 4. 53 1. 340 8. 15 5.715 1. 91 

AL-18 530 6. 30 1.257 7. 51 3. 927 1. 27 

AL-15 648 5.037 1. 80 10.08 3.967 1. 587 

AL-16 869 5. 037 2. 15 10. 72 3.967 1. 905 

AL-17 1380 5.037 2. 87 11. 99 3.967 2. 54 

AL-19 1600 6.30 2.87 12. 98 3.967 2. 54 

AL-20 2370 6. 30 3. 5 8 13. 62 3. 967 2. 54 

AL-22 2940 7.804 3, 58 13.62 4.92 2. 54 

AL-23 4210 7.804 4. 48 14. 98 4. 92 3. 17 5 

AL-24 3910 11. 16 3. 58 14.62 5.875 2. 54 

aWhere K = o. 4. b Arnold Engineering Co, 
u 



112 Chapter 3 

TABLE 3.13 Coefficient Kg for Tape-Wound Toroidsa 

Core b 103 Kg w, 2 
A, 

2 
MLT, cm cm cm 

a c 

52402 o. 0472 0.502 0.022 2.06 

52153 0,254 0,502 0.053 2.22 

52107 0.0860 0.982 0,022 2. 21 

52403 o. 107 1. 28 0.022 2.30 

52057 0,456 1. 56 0,043 2,53 

52000 1. 07 0.982 0,086 2, 70 

52063 1. 62 1. 56 o. 086 2.85 

52002 1. 81 1. 76 0,086 2,88 

52007 10. 6 1. 56 o. 257 3.87 

52167 17. 4 1. 56 0,343 4,23 

52094 20,8 1. 56 0.386 4,47 

52004 12.7 4. 38 o. 171 4. 02 

52032 44.3 4. 38 0.343 4. 65 

52026 87.7 4.38 0.514 5. 28 

52038 138 4. 38 0,686 5. 97 

52035 203 6. 816 0,686 6, 33 

52055 276 9.93 0,686 6.76 

52012 587 6. 94 1. 371 8.88 

52017 459 18. 3 0,686 7. 51 

52031 668 29. 2 0.686 8.23 

52103 1570 18. 3 1. 371 8. 77 

52128 2220 28.0 1. 371 9. 49 

52022 4870 18. 3 2. 742 11. 30 

52042 6790 27. 1 2.742 12. 0 

52100 18600 27. 1 5. 142 15. 4 

52112 68100 73. 6 6. 855 20,3 

52426 159000 73,6 10, 9 68 22. 2 

aWhere Ku= 0.4. b Magnetics, Inc. 



TABLE 3.14 Magnetic Core Material Characteristics 

Saturated DC coercive 

Trade names Composition flux force, 
density, a amp-turn/ 

(tesla) cm 

Magnesil 3% Si 1.5-1.8 0.5-0.75 
Silectron 97% Fe 
Microsil 
Supersil 

Deltamax 50"/o Ni 1.4-1. 6 0.125-0.25 
Orthonol 50"/o Fe 
49 Sq. Mu 

Allegheny 4750 48% Ni 1.15-1.4 0.062-0.187 
48 Alloy 52% Fe 
Carpenter 49 

4- 79 Permalloy 79% Ni 0.66-0.82 0.025-0.05 
Sq. Permalloy 17"/o Fe 
80 Sq. Mu 79 4%Mo 

Supermalloy 78% Ni 0.65-0.82 0.0037-0.01 
17% Fe 

5% Mo 

al T = 104 Gauss. 

bl g/cm 3 = 0. 036 lb/in. 
3 

Material Squareness 
density, ratio 
g;cmb 

0.85-1.0 7.63 

o. 94-1. 0 8.24 

0.80-0.92 8.19 

o. 80-1. 0 8.73 

0.40-0.70 8.76 

Loss factor 
at 3 kHz and 
0. 5 T, W/kg 

33. l 

17.66 

11. 03 

5. 51 

3. 75 

t:l 
(l) 
rn 

cq" 
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TABLE 3.15 DC Inductor Examples 

TOROIDAL CORES: SINGLE LAYER WINDINGS 

~ 
. 1.0 amp 2.5 amps 5.0 amps 7.5 amps 10 amps 
E . #28AWG #24AWG #20AWG #18AWG #16AWG 

TS0-26 92.0 µh 25.6 µh 7.8µh 4.2µh 2.1 µh 
63 Tl 1RNS 37 TURNS 21 TURNS 16 TURNS fl Tl'RNS 

T68-26A I 260µh 76.8 µh 24.4 µh 12.8 µh 6.8µh 
79 TURNS 47 TURNS 28 TURNS 21 TURNS 15 TURNS 

T90-26 I 700µh 214µh 67.2µh 36.6µh 21.4 µh 
120 TURNS 74 TURNS 44 TURNS 34 TURNS 26 Tl!RNS 

T106-26 1040 µh 320µh 102µh 56.9 µh 32.0 µh 
! 725 TURNS 77 TURNS 46 TURNS 36 TURNS 27 Tl 'RNS 

T131-26 1700 µh 528µh 176µh 96.0µh 54.0 µh 
I 141 Tl'RNS 87 TURNS 53 TURNS 41 TURNS 31 TURNS 

T157-26 3140 µh 960µh 324µh 178µh 105µh 
I 213 TURNS 132 Tl 'RNS 82 TURNS 64 TURNS 50 TURNS 

T184-26 5500 µh 1730 µh 580µh 320µh 190µh 
I 213 TllRNS 132 TL'RNS 82 TURNS 64 Tli'RNS 50 Tl·'RNS 

12~,,1~fsh 6560 µh 2240µh 1240 µh 740µh T300-26D 
272 Tl rRNS 769 TURNS 135 TURNS 10S Tl IRNS 

1149,000 µh 15,000µh 5120 µh 2920µh 1700µh 
T400-26D 507TURNS~ 377 Tl 'RNS 197 Tl!Ri\/S 157 TURNS 122 n 1RNS 

15 amps 20 amps 
#14AWG #12AWG 

1.1 µh 0.6µh 
8 TUR/\/S 6 Tl 'RNS 

3.4 µh 1.9µh 
11 TURNS 8 T! 'RNS 

10.7 µh 5.9µh 
19 Tl 1RNS 14 Tl 'RNS 

16.4 µh 8.4µh 
20 Tl IRNS 14 Tl 'Rl\iS 

29.3 µh 16.5 µh 
24 Tl 'R.l\i'S 18Tl'R!'..,,'S 

55.1 µh 31.5 µh 
38 Tl 'R!,.iS 29 Tl 'RNS 

99.6µh 58.0 µh 
38 Tl 'R,.'\/S 29 Tl 'R,\i'_~ 

400µh 230µh 
82 Tl 'Rl\'S 6J Tl 'R.1>..,;S 

907 µh 525µh 
95 Tl 'RNS 73 Tl 'R,\'S 

30 amps 
#10AWG 

0.4 µh 
5 Tl 'RNS 

1.0µh 
6 Tl 'R!v'S 

2.8µh 
10 Tl 'R,\'S 

4.1 µh 
10 Tl 'Rl\'5 

8.1 µh 
13 Tl 1RNS 

16.2 µh 
22 Tl ·R.\'_\ 

29.3 µh 
22 Tl 'R\'S 

124µh 
49 Tl 'R.•\'S 

284µh 
57 Tl 'R,1\'S 
--~ 

..... ..... 
"" 

CJ 
;l' 
s::i 

1;j ..... 
(\) 

"'$ 

t.:> 



E-CORES: FULL BOBBIN WINDINGS 

~cu~~7~ 2.5 amp 5.0 amps 10 amps 15 amps 20 amps 30 amps 50 amps 100 amps 

~~ #20 AWC #18 AWC #14 AWC #12 AWC #11 AWC FOIL FOIL FOIL 

E137-26 1090 µh 408 µh 70 µh 29.3 µh 17.5 µh 10.2 µh 4.1 µh 0.8 µh 
007 Bun GAP 111 n 'R/\.'S 70 Tl R.\'S 28 Tl 'R,'v'S 18 Tl 1R,l\,'S l..J n 'R\'S 11 n R\'\ ;' n R'.S l n R\~ 

-- ~-,--

E168-26 5440 µh 2080 µh 370 µh 147 µh 92.5 µh 45.6 µh 12.2 µh 4.1 µh 
015 BUTT GAP 215 Tl 'R.r-...'5 7 39 Tl 'R,l\i'S 56 n 1RNS 35 Tl 'RNS 28 71 'R\'':o 20 n R'\'S 10 Tl 'R.\S 6 1! 'Rl,i'i 
-----j~-------r----- ----

E220-26 15,000 µh 5440 µh 1000 µh 418 µh 258 µh 116 µh 41.2 µh 10.3 µh 
020 BL:TT GAP 303 TURNS 194 Tl 1RNS 79 Tl 'Rt'1.i'S 50 n 1RNS 40 Tl 'R'\') 27 n R'\:'S 76 Tl R\.''i 8 n 'R\/'I 

':'Based on maximum temperature rise of 40°C due to copper loss. 
Note: This table assumes < 1% ripple current. The presence of significant ripple current 
will result in both greater inductance and higher operating temperature. 
Source: Courtesy of Micrometals, Inc. , Anaheim, California. 

tl 
Cl> 
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For s 3 = 0. 75, 

wa(eff) = 6.30 x 0.75 = 4.725 cm 2 

Primary winding area = 0. 4W a( eff) 

= 1.89 cm2 

Chapter 3 

0.4 x 4.725 

The wire area Aw , with insulation, using a fill factor S 2 of 0. 6 
is 

0. 004536 cm 2 

Select the wire size from Table 3. 8, column D: 

AWG 22 = 0. 003857 cm 2 

The primary winding resistance is 

-6 
R = MLT x N x µs-2/cm x 10 

p p 

= 12.98 x 250 x 531.4 x 10- 6 

The primary current 

VA 87 
I = V. = 115 = 0. 7565 A 
p 1 

The primary copper loss is 

1. 724 r2 

P r2R = O. 7565 2 x 1. 724 0. 987 W 
cu p p 

The number of secondary turns 

N 
s 

N 250 = -:;J2: V0 = 115 x 29 = 63 turns 
1 
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The secondary wire area 

A 
w 

wa8 2 o.6 x 4.725 x o.6 
2N 2 x 63 

s 

2 
0. 0135 cm 

Select the wire size from Table 3. 8, column D: 

2 
AWG 17 = 0. 01168 cm 

The secondary winding resistance is 

R = MLT x N x µS1/cm x 10- 6 
s s 

-6 
12.98 x 63 x 165.8 x 10 

0.136 S1 

The secondary loss is I 2R 
s s 

2 
3.5 x 0.136 

p 
0 

n 
p 

0 

87 
0.95 - 87 = 4.579 w 

1. 22 w. 

The optimum efficiency, Pcu =Pre= (1/2) x 4.579 = 2.289W. 
Therefore, the core loss is 

P fe 3 
-x 10 mW/g 2.289W 
wt 

117 

From Table 3.5, column 14, AL-19 has a weight of 328 g. There­
fore, 

2. 289 3 
328 x 10 = 6.98 mW/g 

With reference to Fig. 3. 19, for a flux density of 0. 9 T , the 
core loss at 400 Hz is quite close to 8. 5 mW /g. Therefore, the 
total loss is 
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p"' = p +pf 
L.. cu e 

= 0.987 + 1.22 + 2.289 = 4.496 w 

which will have an efficiency of about 94%. The regulation factor 
a is given by 

p . + p 
a = cu pr1 cu sec x lOO% 

P +P .+P 
o cu pr1 cu sec 

0.987 + 1.22 x 100% 
87 + 0.987 + 1.22 

= 2.47% 

3.2 DESIGN OF CURRENT TRANSFORMER 

The current transformer is normally used for sampling a time­
varying current within a circuit. The primary purpose of using 
the transformer is to obtain isolation from the actual circuit where 
the sample is to be taken. The ideal current transformer pro­
vides a current step-down at a designated ratio for efficiency and 
convenience. Ideally, a transformer with a 1: 1000 turns ratio 
should measure a current of 1 A by providing a current of 1 mA 
in the secondary circuit. 

From Eq. (3.12), referring to Fig. 3.20, 

( 3. 34) 

The induced voltage of a current transformer is determined by 
three parameters: the secondary load R, the secondary winding 
resistance r2, and the secondary current I 2: 

(3.35) 

Substituting Eq. (3.35) into Eq. (3.34) for v 2 and rearranging, 
a rationalized expression is obtained for 

A 
c 

I 2(r2 + R) x 104 

KNlBm 
(3.36) 
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i a.c. -v1=3 

l: n 

(a) 

i /n a.c. -

(b) 

Load 

R 
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FIG. 3. 20 Current transformer. (a) Ideal current transformer. 
(b) Simplified equivalent circuit, all values referred to secondary. 

With reference to Fig. 3. 18b, a correct choice of flux density 
Bm would result in appropriate values of inductance Ls and ri 
(where r 1 represents the shunt resistive loss of the primary 
winding). 

To obtain a close ratio approximation, ri and Ls must be 
large, i.e., 

It follows that wLs > R is a basic requirement, since R » r 2. 
The primary inductance is given by 

( 3. 37) 

EXAMPLE 3. 3 Design a current transformer to meet the following 
specifications: 

I.= 4.5 A max. 
1 

V0 = 5.0 V max. 
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R = 1 krl 
0 

f = 35 kHz 

B = 0. 2 T 
m 

Chapter 3 

Assume a primary winding with one turn; the secondary current 
is 

Vo 5 
Is= R = 1000 = 0.005 A 

0 

The secondary turns: 

N 
s 

IiNp - 4•5 x 1 = 900 turns 
-1- - .005 

s 

Since f = 35 kHz, ferrite is selected for the transformer core. The 
minimum core area is calculated using Eq. ( 3. 36), assuming a 1-V 
diode forward voltage drop : 

(5 + 1) x 104 
A = ~~~~~~~~~~~ 

c 4 x 0.2 x 35 x 103 x 900 

-3 2 
2.38x10 cm 

Note that the small core requirement is due to the low volt-second 
requirement of the primary winding. 

Since R0 is selected as 1 krl, it is desirable to ensure r2 is very 
much smaller than R0 so that the voltage drop across R0 is very 
much greater than that across r2. 

Because of this requirement, a core should be selected for ade­
quate space for windings to reduce wire loss. Therefore, in this 
case, an oversize core is chosen for ease of implementation as well 
as low secondary loss. 

From Table 3. 4, a gapless pot core of N 27 material, size 14 x 8, 
is chosen for evaluation: From columns 3 and 16, the window area 
is calculated: 
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4 
0. 0393 c~ = 0.1572 cm2 = W a 

0. 25 cm 

Since the primary is only one turn, in this case, it is safe to allot 
75% of the available area for the secondary winding. By assuming 
a winding efficiency of 75%, the effective window area W a(eff) is 

2 2 
Wa(eff) = 0.75 x 0.75 x 0.1572 cm = 0.088 cm 

The wire area Aw is 

r - - - - - - -- --
1 vi ~~1~~~~~-1--

1 

I 
I 
I 
I 
I 
I 
I 
I L _______ _ 

'------ V sense 

c 

T1 is power transformer 

T2 is current transformer 

FIG. 3. 21 Current transformer application in push-pull power 
conversion. 
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From Table 3.8, 0.09825 x 10-3 cm2 falls between sizes of AWG 37 
and AWG 38. 

Select AWG 38. 
The secondary winding resistance is 

-6 
r 2 = MLT x N2 x url/cm x 10 

-6 
= 2.8 x 900 x 21266 x 10 

= 53.59 (l 

This is approximately 5% of R0 • 

A typical application of this transformer in a push-pull power 
converter is illustrated in Fig. 3. 21, where two primary windings 
in opposite polarities are required to sense two switch currents as 
shown. 

3.3 DESIGN OF INDUCTORS WITH DC BIAS 

The de biased inductor is the most essential magnetic component 
in a power converter. It exists in all basic power converters and 
is used in input filters as well as output filters. 

The basic equations will be developed in a step-by-step but 
concise manner. The application of these equations will be demon­
strated in an example. 

In accordance with Faraday's law of induction, the induced 
emf Eis 

E = NdlP = Ldi 
dt dt 

(3. 38) 

L di = N dlP ( 3. 39) 

L J di= N f do (3.40) 

Li = NIP ( 3. 41) 

Li = NBAc, since IP = BAc ( 3. 42) 

Multiplying both sides of Eq. ( 3. 42) by I I 2 gives 
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(1/ 2)LI 2 = (1/2)NIBA 
c 

But by Ampere's law, magnetomotive force 

mmf = :f Hd! 
m 

NI = HZ 
m 

H =NI 
l m 

Substituting HZm for NI in Eq. ( 3. 43) gives 

(1/2)LI 2 = (1/2)HZ BA 
m c 

But ZmAc is the core volume Vole; therefore, 

( 1/2)LI 2 = ( l/2)HBVol 
c 
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( 3. 43) 

( 3. 44) 

( 3. 45) 

( 3. 46) 

( 3. 4 7) 

( 3. 48) 

( 3. 49) 

Equation ( 3. 49) shows that the energy storage capability of an 
inductor is directly proportional to its core volume [ 95, 105]. 

From Eq. ( 3. 42) , 

NBA 
I =--c 

L 

Multiplying both sides by N gives 

Substituting Eq. (3.46) for NI gives 

HZ 
m L 

( 3. 50) 

( 3. 51) 

( 3. 52) 
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N 2BA 
L =---c 

HZ 
m 

But 

Therefore, 

Chapter 3 

( 3. 53) 

( 3. 54) 

( 3. 55) 

Equations ( 3. 38) to ( 3. 55) show the qualitative relations of 
magnetic and electric circuits, assume basically linear relation­
ships, and were given without concern with systems of units. 
The following expressions will be rationalized with the correct 
constants to reflect the units given in the list of symbols pro­
vided at the end of this volume. 

The number of turns is given by Eq. ( 3. 42) as 

N = ~ x 104 
BA 

c 
( 3. 56) 

The energy storage capability of an inductor with distributed 
gap is given by Eq. ( 3. 48) and is rationalized as 

(1/2)LI 2 = (1/2)HBVol x 10- 4 
c 

and for the inductor with air gap, 

(1/2)LI 2 = (1.2)HBVol x 10- 4 
g 

( 3. 57) 

( 3. 58) 

Equation ( 3. 55) relates the AL value given by the core manu­
facturer to inductance and the square of the number of turns for 
distributed gap cores by 

(3.59) 
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Multiplying Eq. ( 3. 56) by I gives 

2 
NI = _!:!_ x 104 

BA 
c 
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( 3. 60) 

( 3. 61) 

The number of amp-turns NI is allocated into the window area 
W a with a window utilization factor Ku for a given current density 
J according to the following relation: 

JK W =NI 
u a 

Equations (3.61) and (3.62) are equal, or 

LI 2 
JK W = --·x 

u a BA 
c 

LI 2 
AW =A =--x 

c a p BJK 
u 

( 3. 62) 

( 3. 63) 

( 3. 64) 

Inspection of Eq. (3. 64) indicates that for a chosen core mate­
rial, B is determined. For a desired temperature rise, J is deter­
mined. Ku is determined by core geometry and insulation require­
ments. With B , J, and Ku values assigned, the area product Ap 
is seen to relate directly to the energy storage capability of the 
inductor. 

From Appendix D, Eq. (D. 28) , 

J = K.A -0.125 
J p 

Substituting Eq. ( 3. 65) into Eq. ( 3. 64) for J gives 

LI 2 x 104 
A =-------

p BK K.A -0.125 
u J p 

( 3. 65) 

( 3. 66) 
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A 0. 875 == LI 2 x 104 

p BK K. 
u J 

A == (LI2 x 104)1.14 
p BK K. 

u J 

From Eq. (3.44), 

Multiplying both sides of Eq. ( 3. 42) by I I 2 gives 

(1/2)LI 2 = (l/2)NIBA 
c 

Substituting Eq. (3.47) into Eq. (3.69) for H gives 

2 2 
µ µ N I A 

(1/2)LI 2 == /'i o c 
21 

m 

Substituting Eq. (3.47) into Eq. (3.44) for H gives 

NI 
B == µ µ -

/'i 0 l 
m 

Therefore, 

But, from Eq. (3.62), 

KW J 
I=~ 

N 

Chapter 3 

( 3. 67) 

( 3. 68) 

( 3. 69) 

( 3. 70) 

( 3. 71) 

(3.72) 

( 3. 73) 

(3.74) 
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Equating Eqs. ( 3. 73) and ( 3. 7 4) gives 

KW J Bl 
u a m 

--N-= µi'iµ
0
N 

or, rationalized, 

Bl x 10- 2 
m 

·µi'i µ W JK 
o a u 

Substituting 47f x 10- 7 for µ 0 in Eq. ( 3. 76) gives 

Bl x 104 
m 

µi'i 0.4-ITTV JK 
a u 
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( 3. 75) 

( 3. 76) 

( 3. 77) 

EXAMPLE 3. 4 Design a de biased inductor of 420 µH with a bias 
of 7 A. [Refer to the buck-boost converter example in Chapter 1; 
I = Imax is calculated using Eq. ( 1. 8) . ] Allowing margin for short 
circuit protection, design for 8 A. The energy stored in the in -
ductor is 

(l/2)LI 2 = (1/2)(420 x 10- 6 x 82) = 13.44 mJ 

The area product Ap from Eq. (3.68), is 

A = (LI2 x 104)1.14 
p B K K. 

m u J 

= (26.88 x 10-3 x 104) 1•14 

0.3 x 0.4 x 403 

4 = 7. 067 cm 

From Table 3. 3, column 3, select core 55090-A2 (Magnetics, Inc.) 
or A-090086-2 (Arnold Engineering) with an Ap of 8.06 cm4. From 
Eq. (D. 28) (Appendix D) , the current density is 
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J = K.A -0.12 
J p 

= 403 x 7.067- 0· 12 

2 
= 318. 71 A/cm 

Chapter 3 

The required core permeability, according to Eq. ( 3. 77), is 

B l x 104 
mm 

llt, = 0.4TIW JK 
a u 

4 
0.3 x 11.62 x 10 = 35.614 

0.4TI X 6.11 X 318.71 X 0.4 

Note that Bm =Bae +Bae= 

_ 0.4nN(t,I/2 +I) x 10- 4 
B 

m - !m/µt, 
( 3. 78) 

See Fig. 3. 22 and Eqs. ( 1. 5) and ( 1. 8). Select a µ of 60 material 
from the manufacturer's data (see, for example, Magnetics, Inc. , 
catalog MPP-303T); the inductance per 1000 turns is 86 mH, or 

N = 1000 }8~ 

= 1000 ~ ,J86 

= 70 turns 

The bare wire size Aw(B) is 

I 8 2 
Aw(B) = J = 318 . 71 = 0.0251 cm 

Select AWG 14 with an area of 0.02082 cm 2. The winding resist­
ance is 



Design of Magnetic Components 

B 

~-L-1...~~__JL-~~-'--~~~~'--~~~~H 

1dc 

FIG. 3. 22 Flux density versus lac + ll I. 

-6 
R = MLT x N x µr.l/cm x t; x 10 

-6 
= 6.66 x 70 x 82.80 x 1.098 x 10 

= 0.0424 r,i 

The winding loss is 

p = I 2R = 72 x 0.0424 = 2.078 W 
cu 
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The current of 7 A is used here for operating condition calcula­
tion, whereas the 8-A rating is designed for a margin used for 
short-circuit protection purposes-not an operating condition. 
From Table 3. 3, column 2, 
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p p 
A = 81 58 = __J'._ = cu= 2.078 

t . if! if! if! 

Therefore, 

2.078 2 
if!= 81. 58 = 0.0255 W/cm 

which will produce a temperature rise of 25°C [ 120] . 

EXAMPLE 3. 5 Design of a de biased inductor with a discrete gap, 
using the core geometry approach: 

Inductance = 420 µH. 
Direct current = 7. 7 A. 
Alternating current = 0. 3 A. 
Output power = 56 W. 
Frequency = 33 kHz. 
Regulation = 3%. 

The energy handling capability of the inductor is 

2 -6 2 
(1/2)LI = 1/2 x 420 x 10 x 8 = 13.44 mJ 

The electrical constant Ke is given by [ 120] 

K =0.145PB 2 x10- 4 
e o m 

( 3. 79) 

For a ferrite pot core, use a flux density Bm of 0. 25 T; therefore, 

K = 0.145 x 56 x 0.252 x 10- 4 
e 

= 50.75 x 10- 6 

The core geometry constant Kg is given by [ 120] 

2 -3 2 
K =(energy) = (13.44 x 10 ) 

g Kea 50.75 x 10- 6 x 3 

5 
= 1.186 cm 

( 3. 80) 
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From Table 3.11, select a pot core 59 x 36 with a Kg of 1.683 
cm5. The current density is 

2 4 
J =LI x 10 A/ 2 

B K A cm 
m u p 

26.88 x 10- 3 x 104 

0.25 x 0.4 x 13.43 

2 
= 200.15 A/cm 

The bare wire size is 

I 8 2 
Aw(B) = J = 200 . 15 = 0.03997 cm 
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Select AWG 11 with an area of 0. 04168 cm 2. The effective window 
area is 

ForS 3 =0.75, 

2 
Wa(eff) = 2.77 x 0.75 = 2.0775 cm 

The number of turns N is 

w s 
N = a(eff) 2 

A w 

2.0775 x 0.6 
0 . 04168 = 30 turns 

The air gap is given by 

cm 

0.4rr x 30 2 x 4.85 x 10- 8 
=----------

420 x 10- 6 

= 0.13 cm 

( 3. 81) 
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To convert 0.13 cm into mils, multiply by 393. 7: 

0.13 x 393. 7 = 51. 5 mils 

Rounding this figure off to 52 mils requires a spacer of 26 mils 
to be inserted between the two halves of the pot core to contri-­
bute a total of 52 mils in the magnetic path. 

The fringing flux factor is given by 

l 2G 
F = 1 + ___g__ log 

'!\ el 
'-J c g 

( 3. 82) 

where G is related to the length of coil, obtainable from manu­
facturer's data: 

0.13 I 2 x 2.36 
F=l+ og ./4.85 e 0. 13 

= 1. 212 

Adjust the number of turns by using the equation 

l L 
N = ----"'----_-8 turns 

0.4nA F x 10 c 

0.13 x 420 x 10- 6 27 t _8 = urns 
0.4 x 4.85 x 1.212 x 10 

The winding resistance is 

R = MLT x N x µSI/cm x 10-6 

= 12 x 27 x 41.37 x 10- 6 = 0.0134 n 

The copper loss is 

P = 12R = 82 x 0.0134 = 0.858 W 
cu 

The regulation a. is 

(3.83) 
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p 
cu 

a = -p-.... -p- x 100% 
0 cu 

= 0.858xlOO!i=l. 5% 
56.858 ° 

From Eq. (3. 78), 

B 
ac 

-4 
0.4TIN(f':.I/2) x 10 

!+(!/µA) 
g m '-' 

0.4'IT x 27 x (0.3/2) x 10 4 

0.13 

= 0. 2088 T, below 0. 25 T, is acceptable 
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The core loss factor due to ac flux at 33 kHz is calculated using 
the formula in Fig. 3. 14: 

or 

Loss in W /kg = 0. 262 x l0- 3fl. 39B 2• 19 

= 0.262 x 10- 3 x (33 x 103) 1· 39 x 0.2088 2· 19 

= 16.18995 w /kg 

Loss in mW I gm = 16 .18995 mW I gm 

Therefore 
-3 

Pfe = (mW /gm) x Wt x 10 

= 16.18995 x 270 x 10-3 

= 4.371 mW= 0.00437 W 

Tht total loss is 

P,.. = P + P,. = 0.858 + 0.00437 = 0.86237 W 
'" cu 1e 

indicating a temperature rise of less than 25°C. 



4 
Stability Considerations 

4. 1 LOOP GAIN ASSESSMENT 

The purpose of applying feedback is to modify or improve the re­
sponse of the open- loop system. A proper evaluation of the loop 
gain of the system serves to provide the essential information for 
tailoring the final loop gain response for stable system operation. 
Figure 4. 1 shows the block diagram of an amplifier with negative 
feedback. The closed-loop gain of this arrangement is 

Vo A 

V. 1 +AS 
1 

( 4. 1) 

where A, in this case, is the open-loop gain of the amplifier. The 
product AS is commonly referred to as the loop gain T ( s) of the 
system. This concept is simply visualized as the loop being brok­
en at point P 1 , and AS is the gain around this loop . Figure 4. 2 
shows a similar arrangement but with an extra block a. This block 
a could assume the form of a passive network, an active network, 
an amplifier, etc. The purpose of inserting this block is to demon­
strate the effect of its presence on the overall loop gain. If the 
loop is now broken at point P 2, the loop gain is seen to be 

T(s) = AaS ( 4. 2) 

134 
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v. 
l 

v 
0 

FIG. 4. 1 Amplifier with feedback network S. 
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For a switch mode power converter, the typical system block 
diagram would appear as shown in Fig. 4.3. By breaking the 
feedback loop at point P 3 , the loop gain of the system is 

T(s) = M H (s)AS 
c e 

where Mc is the control modulation function of the power stage. 
It is appropriate to point out here that in Chapter 2 the pro­

grams provided for converter analysis essentially calculate the 
small signal control to output transfer functions, McHe(s). The 
block S normally consists of the voltage divider network for sam­
pling the output voltage, and the error amplifier A is usually gain 
limited and is at a location convenient for the application of fre­
quency compensation, if required. 

By means of the calculator programs, the task of obtaining the 
overall loop gain is reduced to the process of assessing the re­
sponses of the blocks A and S and combining the results graphi­
cally. For buck and buck-derived converters with output filter 
damping, the calculated McHe(s) response is usually adequate for 
assessing the overall loop gain characteristics. The attenuating 
network S could be arranged in combination with the error amplifier 

v. 
1 

~~~~~~--ao---oV 

0 

FIG. 4.2 Amplifier with feedback networks a and S. 
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PWMAND 

CONTROL SWITCHES 

Chapter 4 

FIG. 4.3 Block diagram of switch mode power converter. 

closed-loop gain to result in a 0 dB gain, so that AS= 1. Then 
the loop gain McHe(s) provides a true representation of the over­
all loop gain. This method of description is given to help the 
reader to visualize the comprehensive results obtainable from cal­
culator analysis and is not a recommendation to set the loop gain 
this way. If gain adjustment is required to tailor the loop gain 
for better phase or gain margin, it can then be accomplished by 
adjusting the closed-loop gain of the error amplifier. Figure 4. 4 
shows a simple buck converter arrangement. Analogous to the 
amplifier in Fig. 4.1, the switch mode power converter of Fig. 4.3 
has the following characteristics: 

The loop gain is 

T(s) = M H (s)Al3 
c e 

The open-loop gain is 

M.H (s) 
I e 

The closed-loop gain is 

V M.H (s) 
o l e 

V: = 1 + M H (s)A13 
i c e 

(4. 4) 

( 4. 5) 

( 4. 6) 



Power 
Control 
Switches 

Output Filter He(s) 
r-----------, 

I 

v' I,___ ___ ___,, 

1 
~--~~~~~--~v 

0 

c Loadl IR 

COMPARATOR I 
I L - - - - - - - - - ....J 

I -- I I I r-.,.. - I 
L _____ f ______ f __ I 

~i 
VC 

ERROR 
AMPLIFIER 
r- --, 

1, ~ v r 
I i3 
1 Network 

I 
L ___ _J 

FIG. 4.4 Buck converter example of Fig. 4.3. 
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From Appendix A, Eq. (A. 57) , 

v (s) V 
- 0-- = __Q H (s) 
d(s) D e 

and from Eq. (A. 72), 

v (s) v (s) 
1 

v 
m 

0 0 
A 

d(s) 

For the buck converter [Chapter 2, Eq. ( 2. 1)] , 

A 

v (s) 
0 --

A 

v (s) 
c 

v 
0 

DV 
m 

H (s) = M H (s) 
e c e 

From Chapter 1, Eq. ( 1. 13) , 

Substituting ViD for V0 in Eq. (4.9) gives 

v (s) V. 
0 l --=-

A v 
v c(s) m 

H (s) 
e 

Chapter 4 

( 4. 7) 

( 4. 8) 

( 4. 9) 

( 4.10) 

( 4.11) 

To investigate the effect of error amplifier gain on line regulation, 
insert an amplifier with a gain of Ar and a voltage sampling net­
work B so that Eq. ( 4.11) becomes 

A 

v (s) V. 
0 l --=-

A 

v (s) 
c 

v 
m 

H ( s)A B = M H ( s)A B 
e r c e r 

( 4. 12) 

Closing the feedback loop will provide the following relation: 

b.v M.H (s) 
o i e 

b. v. = 1 + M H ( s)A B 
( 4. 13) 

l c e r 
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For the case of loop gain very much greater than unity, i.e., 
McHe(s)ArS » 1, 

b.v DH (s) D o _ e = 
b.v. = M H (s)A S M A S 

i ce r er 

SubstitutingEq. (4.10) intoEq. (4.14) forD gives 

b.v V /V. 
___Q_~ 
b.v. - MA S 

i c r 

Therefore, 

or 

b.v 
0 

v./V. 
i i 
/V )A S for line regulation 

m r 
v=cv. 

0 i . min 

b.v /V l 
0 0 --- = -------

b.v./V. (V. /V )A S 
i i i . m r 

min 

( 4 .14) 

( 4. 15) 

( 4. 16) 

( 4. 17) 

EXAMPLE If it is desired to maintain a 0. 5% change in output 
voltage for a change of 20% in input voltage, then, from Eq. ( 4. 17) , 

o. 5 1 =-------
20 (V. /V )A S 

i . m r 
min 

Therefore, for Vi . = 12 V, V m = 2. 5 V, and S = 0. 5. Ar must min 
have a gain of 16. 67, since 

v . 
.!Q_ = imin A S = 40 
0.5 V r 

m 

Table 4.1 shows the relationships of the input to output and con­
trol to output ports of the modulator for the three basic converter 
configurations. 
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TABLE 4 .1 Input and Control to Output Transfer Relationships 
of the Three Basic Configurations 

Buck Boost Buck-boost 

v 
v ( ) Vo (l _ sDL) M 0 o l sL 

c DV DoVM D2R DD V D2 m o m R 
0 0 

M. D 1 D 
l D D 

0 0 

11. 2 FREQUENCY RESPONSE CONCEPTS 

In a power converter, negative feedback is employed around a 
loop containing amplifier(s), comparator, modulator, filter com­
ponents, and so on. At zero or very low frequencies, the loop 
gain (including the error amplifier stage) exhibits a phase lag of 
approximately 180° by virtue of the negative polarity of the feed­
back signal. As the frequency increases, the components within 
this loop will begin to contribute a certain amount of phase shift 
(usually a lag due to the presence of a low-pass filter at the out­
put). If at some particular frequency this phase lag is equal to 
180°, then a total of 360° lag is reached. Under this condition, 
the feedback signal will be in phase with the input signal. If at 
this particular frequency the loop gain is unity ( 0 dB) or greater, 
the system will oscillate. 

Note that if an analysis is made excluding the error amplifier, 
which may contribute an initial lag of 180°, then the phase range 
of interest will be within 180°. This is true of calculator programs 
where the error amplifier has been left out, because the major 
problem with switch mode power converters has been with the 
modulator part of the system, for which the calculator programs 
are written as an aid to loop analysis and design. 

To understand how the reactive elements contribute to the addi­
tional phase shift, it would be appropriate to investigate the char­
acteristics of some commonly encountered networks. Figure 4. 5 
shows a low-pass network comprising one resistor and one capa­
citor. The transfer function of this network is 



Stability Considerations 

(a) 

(b) Mag. 

(c) 

cp 

-45°. 

-90° 

Rl 

C=:J1--t1-- v 2 

I cl 

FIG. 4.5 RC low-pass section. 
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l octave 

Asymptotic Approximations 
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v 2 Xcl 1/jwCl 1 

V l R 1 + Xcl R 1 + (1/jwC 1) 1 + jwC 1R 1 
(4.18) 

which is in the form of 

1 

where 

(4.19) 

The straight lines in Fig. 4. 5b depict the asymptotes of the 
network responses, whereas the curves provide the actual re­
sponses. Notice the slope of -6 dB /octave (or -20 dB /decade) 
and a - 90° phase shift for a network with one reactive element. 

If two identical networks are cascaded via a unity gain isola­
tion amplifier as shown in Fig. 4. 6a, the overall responses will 
be as shown in Figs. 4. 6b and c. 

If R 1C1 > R 2C 2, then the responses in Fig. 4. 6d will result. 
Notice the -12 dB I octave (or - 40 dB I decade) slope and a -180° 

phase shift for a network with two reactive elements. 
Similarly, for a high-pass RC network, the responses shown 

in Fig. 4. 7 will apply. Notice in this case a phase lead of 90° 
results. 

The network of Fig. 4. 7 is not directly applicable within a feed­
back loop because there is no de coupling between the input and 
output terminals. Also, a network of this type should ideally be 
coupled via a buffer amplifier to ensure that the desired response 
is obtained without being modified by loading or impedance effects. 

The circuit shown in Fig. 4. 8 provides isolation as well as de 
coupling features. This amplifier stage essentially provides a non­
inverting de gain of 1 with a phase lead network, whose corner 
frequency is determined by the values of R l • R 2, and C 1; that is, 

( 4. 20) 

Figures 4. 9 and 4.10 show the magnitude and phase character­
istics of this stage. 
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v, 

(a) 

(b) 

R1c1 equals R2c2 

octave 

-12 dB/ octave 

-12 dB .i.-------+-~----- f 

(c) 

-90° 

-180° ---------·~----- f 

0 dB +---------1... 

(d) 

FIG. 4.6 Cascaded RC sections. 

-6 dB/octave 

R1c1 > R2c2 

-12 dB/octave 

f 
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(a) 

(b) 

(c) 
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cl 
v l ----< 1------11--- v 2 

l octave 

0 dB 

+6 dB/octave 
Mag. 

-6 dB.-l"-------1--------- f 

90° 
Phase 

00 

l 'j'c, 

Asymptotic 
Approximations 

FIG. 4. 7 RC high-pass section. 
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FIG. 4.8 Lead network with isolation amplifier. 
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FIG. 4. 9 Magnitude response of lead network with amplifier. 
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Another commonly encountered network in power converters is 
the integrator. It has a general characteristic as detailed in Fig. 
4.11. Notice that a reduced gain is possible by adding a resistor 
R 2 in parallel with C 1 • but this gain reduction does not affect the 
0-dB crossover frequency of 1/(2nR1C1). 

In the power converter, the greatest contributor of phase shift 
is the output filter. It consists of two principal reactive elements 
(Le and C) which determine the characteristics of the filter. Be­
cause there are two reactive elements connected in a low-pass con­
figuration, the rate of attenuation is, asymptotically, -12 dB I octave, 

PHASE PLOT 

START FREQUEtKY 
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FIG. 4.10 Phase response of lead network with amplifier. 
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(dB) 

0 

Ideal Integrator 
Characteristic 

l 
2n:R2c1 

Limited Gain 
due to R2 

-6 dB/octave 

l 
2n:R1 cl 

FIG. 4. 11 Magnitude response of integrator. 
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f 

and the phase lag is expected to reach rso0 at some frequency be­
yond the pole (or tuned) frequency. The characteristics of a 
single-stage LC filter are given in Appendix B. 

It is worthy of consideration that the phase and amplitude re­
sponses are interrelated [ r33]. The phase response is very much 
dependent on the slope of the magnitude response. The accuracy 
of this statement is affected only if there are other break fre­
quencies in the immediate vicinity. In general, if the magnitude 
response is having a slope of 0 dB /decade at a given frequency 
fr and the nearest break frequency is at least a decade away, then 
the phase shift will be 0° at fr. By the same reasoning, if the 
slope is ±6 dB/octave (or ±20 dB/decade) at fr, the phase will 
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approach ±90°. Similarly, for ±12 dB /octabe, the phase will ap­
proach ±180°; for ±18 dB /octave the phase will approach ±270°; etc. 

4. 3 GAIN AND PHASE MARGINS 

A system can be conditionally stable, unconditionally stable, or 
unstable. Because of this, the relative stability of the system must 
be assessed. 

The relative stability of a control system is assessed by the 
amount of gain and phase margins of the system. For an initially 
stable linear system, a further increase in gain is required to 
drive the system into instability; this gain change (in decibels) is 
defined as the gain margin Gm of the system. The gain margin is 
observed as the gain (decibels) at the frequency where the phase 
shift reaches -180°. 

As the magnitude response of the system begins to decline to­
ward higher frequencies, a frequency is reached at which the mag­
nitude is at 0 dB (which is referred to as the 0-dB crossover fre­
quency); the corresponding phase shift <j>0 at this frequency pro­
vides a measure of the phase margin, 1Pm = 180° + IPo· For system 
stability, the phase margin 1Pm should always be positive. The 
phase margin is observed as the phase (degree) at the frequency 
where the magnitude response has declined to the 0-dB level. 

The accepted norm [ 133, 134) for an unconditionally stable 
linear system is to have a gain margin Gm of 6 dB and a phase 
margin IPm of 45°.. · 

To show the roles played by the gain margin and phase margin, 
the buck converter example given in Chapter 2 is recalled here 
for further discussion. 

For simplicity, assume the combination of the error amplifier, 
the S network, and the comparator within the pulse width modu­
lator contributes a gain of -1, i.e. , a unity gain with 180° phase 
reversal. With this assumption, Figs. 4.12 to 4.14 represent the 
(control to output) loop gain of the buck converter, excluding the 
error amplifier combination. The phase range of interest is, there­
fore, from 0° to -180°. The figures are reproduced here for the 
convenience of the readers. 

To determine the phase margin IPm of the undamped converter, 

1. Observe the frequency (Fig. 4.12) at which the gain curve 
crosses the 0-dB lines: · 
a. For the DH curve, this frequency is approximately 1200 

Hz, and 
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FIG. 4.12 Buck converter (no output filter damping). 

b. For the DL curve, this frequency is approximately 1550 
Hz. 

2. Observe in Fig .. 4.14 the undamped phase responses at the 
frequencies of 1200 Hz (for DH) and 1550 Hz (for DL). 

3. The two phase readings (for DH and DL) are within 0. 5°, 
and the phase margins are not more than 3° in either case. 
Conclusion: ip m is less than 3° for DH or DL. 
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To determine the gain margin Gm of the undamped converter, 

1. Observe in Fig. 4.14 that the undamped phase responses 
reach -180° at approximately 10 kHz. 

2. Read off the gain (decibels) from Fig. 4.12 at this frequency: 
a. For DH= -39 dB, GmH = 39 dB, and 
b. For DL = -34 dB, GmL = 34 dB. 
Conclusion: A large gain margin alone does not promise good 
stability. 
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FIG. 4.13 Buck converter with output filter damping. 
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FIG. 4.14 Damped and undamped curves. 

Now obtain the phase margins for the damped converter: 

1. The frequency at which the gain curve crosses the 0-dB line: 
a. For the DH curve, this frequency is approximately 860 Hz, 

and 
b. For the DL curve, this frequency is approximately 1350 

Hz. 
2. Observe the damped phase responses in Fig. 4.14 at 860 Hz 

(for DH) and 1350 Hz (for DL). 
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c R 

FIG. 4 .15 Regufated buck converter. 

3. The two phase readings are -129° (for DH) and -139° (for 
DL). Therefore, <PmH = 180° - 125° = 55°, and <PmL = 180° -
139° = 41°. 

As for the gain margins, it is observed that the phase responses 
never quite reach -180° even at 100 kHz; therefore, it will suffice 
to say that Gm > 50 dB for this circuit . 

From the preceding exercise, it is clear that output filter damp­
ing provides extra phase margin to obtain better relative stability 
for a closed-loop system , which would appear as shown in Fig. 
4.15. Note that for accurate control of output filter damping, the 
damping capacitor nC should be of the low-esr and low-esl type. 
The damping resistor r should be of sufficient wattage and mechan­
ical bonding strength to withstand surge currents up to short­
circuit current level. The damping capacitance value (nC), how­
ever, is much less critical. 

The process of tailoring the loop gain will be dealt with in 
Section 4. 7. 
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4.4 OUTPUT FILTER DAMPING 

This section provides the theoretical basis for output filter damp­
ing. 

From Eq. (A. 55), Appendix A, the output filter transfer func­
tion He(s) is a function with a quadratic form in the denominator, 
which can be put in the form of 

H(jw) 1 
( 4. 21) 

where r, is the damping factor. 
At zero frequency or very low frequencies, the first two terms 

in the denominator are very small compared to unity; therefore, 

H( 0) = 1, with 0° phase shift ( 4. 22) 

and the gain is 0 dB. This is the first asymptote: the line join -
ing the point of f = 0 Hz at 0 dB to the point at the break (or 
corner) frequency at 0 dB. 

At the high end of the frequency scale, 

IH(jw)I = ~ 
1-w 2T 2 I 

(4.23) 

since the square terms in the denominator dominate the function, 
and the phase shift is 180°. 

The gain at high frequency is therefore 

2 2 
-20 log10 w T = -40 log10 wT ( 4. 24) 

This is the second asymptote, with a slope of - 40 dB I decade. 
At the resonant frequency, wT = 1, 

H(jw) = 2jr,~T = 2jlr, (4.25) 

The gain in decible at this frequency is 20 log10( 1/21",) with a 
phase lag of 90°. 

Theoretically, a zero damping factor therefore suggests an in­
finite gain at the resonant frequency. Damping, therefore, is a 
means of reducing peaking at the resonant frequency and, in turn, 
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reduces the "steepness" of the slope of the magnitude response, 
which has a direct effect on the phase response. See Appendix B. 

A further example of output filter damping as applied to the 
buck converter example is shown in Figs. 4.16 and 4.17. For the 
same loop gain arrangement as shown in Fig. 4 .15, it is observed 

_ that there is a substantial increase in phase margin. The only 
change in this damping arrangement is the use of r = O. 05 n in -
stead of the 0. 1 n used before. However, the lower r is, the 
more unrealistic this arrangement becomes, because r is usually 
not a very high-wattage resistor, but the accuracy is important 

MAGNITUDE PLOT LOG SWEEP 

START FREQUENCY MAX = 30 dB 
10 Hz 

10 Hz 
START FREQUENCY MIN = -70 dB 

FIG. 4.16 Magnitude response for r = 0.05 n. 

END FREQUENCY 
100 kHz 

100 kHz 
END FREQUENCY 
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FIG. 4.17 Phase response for r = 0.05 S"l. 

for the control of desirable damping characteristics. If the re­
quired value is very low, the circuit resistance as well as the esr 
of the capacitor will come into play. In general, it is undesirable 
to go below 0. 1 S"l. Also, if there is inductance ( esl) within the 
combination of r and nC, along with the low value of r, a high Q 
tuned circuit is formed. A parasitic circulating current could 
develop within the output filter circuit. This is another reason 
for the caution required when paralleling output filter capacitors 
for the reduction of esr effects. 

A method of avoiding the use of very low values of r is to de­
sign the output filter with a ratio of L/C of at least 1. This is 



156 Chapter 4 

evident in the comparative study of Figs. B . 5, B . 6, B . 18, B . 19, 
B .32, and B. 33 in Appendix B. 

Another possible method of output filter damping is the use of 
the "trap" circuit. Since the LC output filter section is present­
ing a high impedance at the resonant frequency, it is theoretically 
feasible to use a circuit that has low impedance at its resonant fre­
quency: the series tuned circuit. The responses shown in Figs. 
B. 29 and B. 30 assume no losses in the inductor, and this is there­
fore the worst possible case. Figure B. 28 shows the circuit ar­
rangement of this method. 

This method is particularly useful in input filter damping, where 
the damping capacitor can become too large for practical purposes. 

In conclusion, the process of output filter damping can be sum­
marized as follows: 

1. Determine the ratio of L/C of the given filter. 
2. Select the set of curves with L/C ratio closest to the given 

ratio from Appendix B • 
3. Chose the curve with the greatest phase margin. 
4. Identify the r and nC values in the chosen curve. 
5. Insert the identified values of r and nC in the given filter. 

4.5 ASYMPTOTIC APPROXIMATIONS 

Recalling Eq. (4.19) and Fig. 4.7, it is observed that for a single­
reactance low-pass (lag) section, the form of the transfer function 
is 

V 2(s) 1 

V 1(s) = 1 + (s/w1) ( 4. 26) 

and for a single-reactance high-pass (lead) section, 

v 2(s) 1 

V 1 (s) 1 + (w 1/s) ( 4. 27) 

For a two-reactance low-pass (lag) network, Eq. ( 4. 21) shows the 
presence of a quadratic factor in the denominator of the transfer 
function in the following form:· 
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The slope of the magnitude response is -40 dB /decade. 

Chapter 4 

( 4. 28) 

Equations ( 4. 26) to ( 4. 28) suggest that if the form of the trans­
fer function is recognizable, the asymptotes for that transfer 
function can be constructed on a magnitude/frequency plot. 

The asymptotes for Eq. (2.1) (Chapter 2) are shown in Fig. 
4.18. 

Similarly, the asymptotic approximations for boost and buck­
boost converters are readily obtainable but must take into account 
the different effective output filter. See Fig. A. 4 in Appendix A. 
It is noted that the effective inductance is given by 

L = L 
e (1-D)2 

( 4. 29) 

Because of this, the resonant frequency of the output filter be­
comes 

f = _1_-_D_ 

2TIILC 
( 4. 30) 

Therefore, the asymptotic approximations for the boost and buck­
boost converters are shown in Figs. 4.19 and 4. 20, respectively. 

4.6 COMPENSATION NETWORKS 

A network suitable for use in lead compensation is shown in Fig. 
4. 21. This network is particularly useful for reducing the phase 
lag of the loop gain at a given frequency. 

The parallel branch impedance due to C1 and R1 is 

( 4. 31) 
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(a) 

0 dB--------- ~----

FIG. 4.21 Basic lead network. 

The transfer function of this network is 

( 4. 32) 
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v2 R2 1 + sClRl 

V l R 1 + R 2 1 + sC 1[R 1R 2/CR 1 + R 2)] 

which is in the form of 

v2 l+(s/wl) 
-=a 
vl l+(s/w2) 

where 

The phase lead introduced by this network is 

-1 (J) -1 (J) 
ip = tan - - tan -

(J)l (J)2 

tan ip 1 - tan ip 2 

1 + tan ip 1 tan ip 2 

(w/w 1) - (w/w2) 

1 + (w/w1)(w/w2) 

Chapter 4 

(4.33) 

( 4. 34) 

( 4. 35) 

( 4. 36) 

( 4. 37) 

(4.38a) 

(4.38b) 
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But 

wl 
w =-

2 a 

Therefore, 
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( 4. 35) 

(4.39) 

To find maximum phase lead in relation to a, differentiating tan <P 

with respect to w/ w 1 gives 

2 

[ l + a(ww ) ] ( 1 - a) - ~ ( 1 - a) (2a...!::!__.) 
d (tan cp) _ 1 _ w 1 w 1 

a(,:) - [• + •(ww,)']' 
( 4. 40) 

This expression equals zero at maximum phase lead: 

2 
Q = [1 + a(wwJ ] (1 - a) ( 4. 41) 

1 + a(wWJ
2 

= 2a(wwJ
2 ( 4. 42) 

l=a(w:f 
( 4. 43) 

wl 
w = - for maximum phase lead ( 4. 44) 

ra 
Substituting w1//a for win Eq. (4.39) gives 
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(1//a)(l - a) 1 - a 
tan o = = --

- 2 -
1 + a(l//a) 2v'a 

( 4. 45) 

The maximum phase lead 'I'd occurs at w given by Eq. ( 4. 44), and 
from Eq. (4.45), 

1 1 
sin 'I'd = ----- == -------

J 1 + cot 2ipd J1 + [41/(l-a) 2] 

( 4. 46) 

Therefore, 

. 1 - a 
smcpd=l+a ( 4. 47) 

To ensure accurate implementation, it is sometimes desirable to 
use an isolation amplifier. Figure 4. 22 shows a noninverting phase 
lead network with an isolation amplifier. The series-parallel com­
bination impedance due to R1, R 2, and c 1 is 

(4.48) 

The transfer function of this network is 

( 4. 49) 

(4.50) 

R 5 R 2 + R 3 + sC 1(R 1R 2 + R 2R 3 + R 1R 3) 

R 4 + R 5 R 2(1 + sC 1R 1) 
(4.51) 

( 4. 52) 
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+dB --------- .r----
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w3 = ,l(wlw2) 

R2 + R3 

l/ (C1 R1) 

wl = Cl(RlR2 + R2R3 + RlR3) 

(b) 

FIG. 4. 22 Lead network with isolation amplifier. 

which is in the form of 

v2 l+(s/wl) 
-= K ----=­
V1 l+(s/w2) 

where 

R + R 
2 3 

(4.53) 
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1 1 
w 1 = c1 R 1 + (1/2Ra) 

( 4. 54) 

or 

(4.55) 

If a gain other than unity is required, R3 can be made larger or 
smaller than the other resistors. In that event, the relation of 
Eq. (4:52) should be used for designing the lead network. In 
summary, the lead network has the property of increasing the sys­
tem bandwidth, reducing overshoot on the transient response, 
and improving the relative stability of the system. 

The complement of the lead network is the lag network, which 
is commonly used to roll off the loop gain response before the 
phase lag reaches 180° to obtain a wider gain margin. 

Figure 4. 23 shows a basic lag network. The series branch im­
pedance due to R 1 and C 1 is 

V 2 1 + sC 1R 1 

V l 1 + sC l (R l + R 2) 

V 2 _ 1 + sC 1R 1 

V l - 1 + saC l R l 

( 4. 56) 

( 4. 57) 

( 4. 58) 
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(a) 

(b) 

FIG. 4. 23 Basic lag network. 

where a= (R 1 + R 2)/R1, and Eq. (4.58) is in the form of 

v2 l+(s/wl) 

V 1 = 1 + (s/w2) 

where 

167 

( 4. 51}) 
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In general, one does not require an analytical approach to estimate 
the maximum phase point as derived in Eqs. (4.40) to (4.44); the 
maximum phase always lies within the geometric mean of w 1 and w 2 
at w 3 such that 

( 4. 60) 

The lag network is sometimes used with an isolation amplifier 
as shown in Fig. 4.24. The feedback impedance due to Ri, R 2 , 
and C1 is 

( 4. 61) 

The transfer function of this network is given by 

1 + sC l R R + R R ( 4. 62) 
2 3 1 3 

which is in the form of 

v 2 K[l + (s/w1)] 
= 

vl l+(s/w2) 
( 4. 63) 

where 

( 4. 64) 

( 4. 65) 
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(b) 

FIG. 4. 24 A lag network with isolation amplifier. 



170 Chapter 4 

( 4. 66) 

It will be observed that the networks shown in Figs. 4. 21 to 
4.24 can be combined to form lead-lag networks or lag-lead net­
works for tailoring the loop gain characteristic of any converter 
systems. 

4. 7 LOOP DESIGN 

The purpose of loop design is to obtain a stable converter when 
operating in closed- loop feedback configuration. 

First, it is necessary to point out that the change of gain with­
in the loop gain transfer function does not alter the shape of the 
phase or magnitude characteristics unless the damping ratio is 
also altered (say, due to load change). The magnitude curve 
will be shifted in relation to the gain change, but the phase re­
mains unchanged (see Fig. 4.25). 

A very useful technique in loop design is the implementation of 
output filter damping. The concept of this technique is outlined 
in some detail in Section 4.4. The graphs in Appendix B provide 
a clear indication of the damping effect with various LC ratios. 
The general implication is that, for continuous conduction con­
verter designs, a large Le value is desirable. But for the band­
width requirement, a small LeC product is desirable. It is there­
fore sometimes useful to use two stages of output filter to obtain 
the desired overall response. The idea is to have a high enough 
pole frequency for the first stage to provide the bandwidth and 
another LC stage to attenuate the ripple to a desirable level. How­
ever, it is usually advisable to have the pole frequency of the sec­
ond stage at least a couple of decades higher than the first pole 
frequency to avoid excessive phase lag within a narrow frequency 
band. Obviously, the switching frequency of the converter must 
also be considered here. The higher the switching frequency, the 
wider the frequency band available for manipulating the loop re­
sponse. An advantage of output filter damping is its insensitivity 
to component tolerance. This method of obtaining phase margin is 
quite reliable and has the additional benefit of reducing noise with­
in the loop. The disadvantage ()f this method, however, is the re-
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FIG. 4.25 Effect of gain variation on circuit response. 
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quirement of a bulky power component: the damping capacitor 
nC, which is several times of the output filter capacitor C. 

A pole can be nulled by lag compensation aimed at the dominant 
pole. This is done by rolling off the output filter response well 
before the filter resonant frequency at a slope of -20 dB /decade, 
as shown in Fig. 4.26. In Fig. 4.26, a fictitious converter with 
15-dB gain at zero frequency is assumed. To compensate this 
converter which has a filter resonant frequency at f, a new re­
sponse with a slope of -20 dB/decade as shown is desirable, be­
cause of the gain /phase relationship mentioned: It is desirable to 
have the gain response crossing the 0-dB level at a slope of - 20 
dB I decade to ensure a moderate phase margin. 

Notice that the roll-off corner frequency starts at a point bel6w 
0. 02f. This means that the response of the loop gain starts to de­
crease from this point onward toward the higher frequencies. If 
f is at 1 kHz, the corner frequency is seen to be beyow 20 Hz, sug­
gesting a drastic reduction of bandwidth in the loop gain transfer 
characteristic. This means that the converter so compensated is 
expected to react rather sluggishly under step load or line change. 
The advantage of dominant pole compensation is that it is easy to 
implement. The disadvantage is very conspicuous when line ripple 
rejection is required. The addition of an input filter is usually 
necessary when dominant pole compensation is employed in an off­
line converter. 

Compensation is sometimes achieved by the insertion of a lead 
network within the feedback loop to increase the phase margin 
within a small frequency band. The application of the basic lead 
network has been given in some detail by Pressman [ 48] . 

If the network of Fig. 4. 22 is used, then the phase lead is de­
duced from Eq. ( 4. 52), so that the lead angle at any given fre­
quency is calculated as follows: 

-1 w -1 w 
ip =tan - - tan 

wl w2 
( 4. 67) 

( 4. 68) 
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FIG. 4.26 Dominant pole compensation. 

The frequencies f 1 and f2 can be designed to span from one to 
two decades; see Fig. 4.27a. f3 is the frequency at which the 
maximum phase lead is to be introduced. If fl = 1 kHz and fl 
to f2 is to be contained within one decade, then f2 will be 10 kHz 
and f3 will be 3162 Hz. The design procedure of the lead network 
with isolation amplifier to span one decade can be summarized as 
follows: 
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0 dB-----t' 

(a) 

+20 dB'-------------,. _____ _ 

(b) 

FIG. 4.27 Lead network design. (a) Frequency span. (b) De­
signing f 1. 

1. A decision is made to produce additional phase lead at f 3. 
2. The frequency span from f 1 to f 2 is to be designed to within 

one decade. 
3. Calculate f 1 as outlined in Fig. 4. 27b. 
4. f2 = 10f1. 
5. Assign a convenient value to Ri (Fig. 4.22). 
6. Calculate C1 using the relation w2 = l/(C1R 1). 
7. Calculate Ra usingEq. (4.55). 

For a lead network to span two decades, 
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Figure 4. 28 shows the responses of a lead network with f3 = 
1 kHz spanning two decades. Figure 4. 29 is an example of a lead 
network contained within one decade, with f3 = 1 kHz. 

As an illustration on the design details of the lead network, 
the buck converter example of Chapter 2 is recalled here. Figure 
4. 30 shows the undamped responses of this converter. Inspection 
of the curves in this figure shows that the phase margin is nega­
tive, suggesting an unstable system, if the loop is closed. In­
spection of Figs. 4. 28 and 4.30 indicates that the resonant fre­
quency of the output filter is at 554 Hz and that a lead network 
centering at about 1 kHz would provide sufficient phase lead at 
554 Hz for a reasonable phase margin. A lead network is intro­
duced in the loop with f3 = 1 kHz spanning two decades as shown 
in Fig. 4.31: 

Assign 4 70 st for R 1 ; then 

1 
21T x lOk x 470 = 0.0 338 µF 

Use 0. 033 µF 

From Eq. (4.55), 

1T x 100 x 0.033 x 10- 6 
940 

95.5 st 

Use 95. 3 st, standard 1 % value 

The compensated responses are shown in Fig. 4. 32. It can 
be seen that a phase margin of more than 30° is obtained for both 
the DH and D L curves. Note that , in the case of the buck con -
verter, a lighter load gives a lower damping ratio. That is, if 
sufficient phase margin is obtained for the case of DL, then it is 
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FIG. 4.31 Two-decade frequency span lead network. 

likely that the DH case will look after itself. Because the loop 
gain assessment up to this point has not been taking the error 
amplifier gain into account, the calculated response is only part 
of the complete loop gain. If the responses as shown in Fig. 
4. 32 are considered acceptable in every respect, then the atten -
uation of the sampling voltage divider network must be com pen -
sated for with the error amplifier gain by designing for 

as depicted in Fig. 4. 33. It follows that, by adjustment of 
the ratio of R 5/R 4, the overall loop gain of the system can be 
varied to adjust the gain and phase margins. 

In consideration of the lag network of Fig. 4. 17, the phase 
lag is given by 

The maximum phase lag is 

-1 1 - a 
=tan --

2/a 

( 4. 69) 

( 4. 70) 
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FIG. 4. 33 Lead-compensated buck converter. 

Similarly, the lag network with isolation amplifier has a phase 
lag of 

( 4. 71) 

Figures 4. 34 and 4. 35 show, respectively, the magnitude and 
phase of the basic lag network of Fig. 4. 23. The design pro­
cedure of this network and of the lag network with the isola­
tion amplifier is very similar to that given for the lead network 
and will not be elaborated here. 

The problem of loop de.sign, however, is not always a straight­
forward and clear~cut affair. The buck- boost converter is a 
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typical case in question. The reader will find that the boost and 
buck-boost converters are not easily amenable to lead compensa­
tion because of the inherent nonlinearity of the circuit topology. 
Recalling now the buck-boost converter example in Chapter 1, the 
loop gain of this converter is analyzed using SPICE models de­
veloped for this purpose [ 182] . The models used with the Mitel 
version of SPICE 2F are listed in Appendix E. Figures 4. 36 and 
4. 37 show, respectively, the uncompensated magnitude and phase 
responses of the buck-boost converter. Since the Le/C ratio 
works out to be approximately 12 times, Fig. B. 33 is used to esti­
mate the output filter component values. The selection of a damp­
ing capacitor nC of 3300 µF and a damping resistor r of 0. 25 n 
provided the responses shown in Figs. 4. 38 and 4. 39. The phase 
margin is estimated, graphically, at approximately 30°. Note that 
all this analysis is only an engineering prediction of a tentative 
design. The final circuit should always be checked with actual 
measurements. This example provided a gain of about 34 dB at 
low frequencies. This gain may be adjusted down to a 28- to 
30-dB area to ensure that the phase margin stays within known 
bounds. 

If output filter damping is not used in this circuit, one other 
possible alternative would be to employ dominant pole compensa­
tion. If an input filter is added to suppress interference, the 
interaction of input filter with the feedback loop should also be 
considered. See Chapter 5 for details. 



5 
Input Filter Interactions 

5.1 SINGLE-STAGE LC FILTER RESPONSE 

For power conversion equipment application, the single-stage LC 
filter is usually designed with a prime consideration for low in -
sertion loss. The inductor is usually designed for a high Q factor 
and the capacitor chosen with a low esr and high-energy density 
characteristics. Since the source feeding this filter is usually of 
low output impedance (a battery bank or other low-output imped­
ance power sources), the view from the output port of the unload­
ed filter toward the input port is essentially that of a high Q paral­
lel LC tuned circuit. See Fig. 5.1. 

The behavior of this circuit is such that the impedance across 
the LC combination is at a maximum at the resonent frequency of 

f = 1 

2n/LC 

The typical responses of a loaded filter of this type are shown 
in Figs. B. 2 and B. 3 in Appendix B. 

5. 2 NATURE OF THE NEGATIVE RESISTANCE OSCILLATOR 

Consider the circuit in Fig. 5. 2. The de source responsible for 
energizing this circuit is omitted, since, in this analysis, only the 
ac conditions are of interest. Writing equations for i 1 and i2 : 
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source is 
represented 
by a short 
circuit 

c ~ apparent L-C tuned 
circuit 

FIG. 5.1 View of the input filter from the output port. 

( 5. 1) 

i R == -i (R - _j_) 
1 2 we ( 5. 2) 

( 5. 3) 

( 5. 4) 

( 5. 5) 

'R jr L 
.. (R . LR l L ) 0 I I r + JW - - - - + - =: 
1 2 L wC wC C 

( 5. 6) 

If the circuit is oscillatory, ili2 t- 0, and the condition for os­
cillation is 

RrL + ~ + j (wLR - R :CrL)== 0 (5.7) 

FIG. 5.2 Circuit for analysis. 
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To maintain oscillation, the real part 

or 

L 
RrL + C = 0 

L 
R=--

CrL 

The frequency of oscillation is given by the imaginery part: 

R + r 
wLR - __ L_= O 

we 

2 
w = 

By the substitution of Eq. (5.8) into Eq. (5.9) gives 

2 
2 1-(rLC/L) 

w = LC 

f = _1- J 1 - r~ 
2n LC L 2 

R. of Converter 
l c 

FIG. 5.3 Interaction of Rio with Z0 i of input filter. 
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( 5. 8) 

( 5. 9) 

( 5. 10) 
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Therefore, if a negative resistance of value I L/CrL I 'is con­
nected across an input filter comprising L and C as shown in Fig. 
5. 3, oscillation will occur at approximately the resonant (peaking) 
frequency of the LC filter circuit. 

5.3 CONVERTER INPUT IMPEDANCE 

For open- loop operation, Ric is always positive; that is, for an 
increase in input voltage Vi, the system will accept an increased 
Ii for a constant load R. 

In closed- loop operation, the action of the system tends to com­
pensate the line change to maintain a constant power output level 
(for a constant load R) . Under this condition, an increase in in -
put voltage results in a decrease in input current for constant 
power transfer, assuming no loss in the power conversion process. 
It is evident, therefore, that with closed- loop operation, the quan­
tity Ric could become negative. 

To assure that the output impedance of the input filter would 
dominate over the combined effect of Ricl!Zoi• the value of Z0 i 
must be kept well below I Ric I • 

For a 100% efficient system with a constant load, 

P = P. = V.I. 
0 l l l 

dV. d (p ) P V. l 0 0 l 
Ric = dl. = Ci!." :r:-- = - -I2 = - L 

l l l . l 
l 

( 5.11) 

For a converter with a general conversion ratio, µ = Vi/V 0 = I0 /Ii, 
or Vi= µV 0 , and Ii= I0 /µ. Therefore, 

v. 
R = - -2 

ic Ii 

v v 
0 2 0 2 

µy:- = - µ -I-::: -µ R 
l 0 

( 5. 12) 

This expression relates load R with Ric via the general conver­
sion ratio µ . Table 5. 1 tabulates the value of µ for the three dif­
ferent converter configurations [ 146, 147] . 
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TABLE 5.1 Relationship Between µ and Ric 

Converter 
Conversion 

ratio Buck Boost Buck-Boost 

1 
1 - D 

1 - D 
µ 

D D 

R 2 
2 2 -(1-D)R 

-µ R 
D2 

-(1-D)R 
D2 

5. 4 DESIGN CRITERIA 

Equation (5.12) is the low-frequency value of the converter in­
put resistance. Since in most applications the resonant frequency 
of the input filter is chosen well below that of the output filter to 
avoid interaction, this expression, though not sufficiently gen­
eral, is adequate for the establishment of a design criterion; name­
ly, the following relations apply: 

f < f 
i 0 

( 5. 13) 

where fi is the input filter resonant frequency and f0 is the out­
put filter resonant frequency; 

J Z . I < IR. I 
01 max lC 

TABLE 5.2 

He(s) 
elements 

Ze 

Buck 

r + sL 
L 

Boost 

rL + sL 

(1 - D)2 

( 5. 14) 

Buck-boost 
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A more general exposition of input filter theory can be found 
in Ref. 146. 

In general, if Z0 i is made very much smaller than Ric, the 
stability of the overall system is assured. 

If Z0 i is made very much smaller than µ 2Ze, then the presence 
of the input filter will not affect the terminal properties of the 
output filter, where Ze is tabulated in Table 5. 2. 

5.5 INPUT FILTER DESIGN CONSIDERATIONS 

Without going into the jargons of the orthodox network synthesis, 
suffice to say that the usual filter requirements for power conver­
ters are low-pass filters. 

For a given attenuation at a given frequency, it is possible to 
graphically construct the required filter response first and then 
calculate or estimate the required element values. For example, 
a filter is required to produce -18 dB attenuation at a frequency 
of 100 Hz. The rate of attenuation is not critical. 

A single-stage LC filter of this kind has 0 dB of gain/atten­
uation at zero frequency (de). The slope of this filter will be 
-12 dB/octave (or -40 dB/decade). 

To construct the asymptotic approximation response of this 
filter, using logarithmic /linear graph paper. 

1. Draw a horizontal line at the 0-dB level. 
2. Mark off the point at -18 dB at 100 Hz. 
3. Project a line with a slope of -12 dB /octave from the -18 dB 

point toward the 0-dB level. 
4. The line of step 3 cuts the 0-dB level at approximately 340 Hz. 
5. The LC product is determined by the formula 

f. = __ 1 __ 

1 2TIVLC 

6. Refer to appendix B for the optimum decision of the L /C ratio. 
7. Calculate L and C. 

In general, the resonant frequency of the input filter fi should 
be kept at least one decade away from the resonant frequency of 
the output filter f0 to avoid interaction. In this case, if f0 is 1 kHz, 
the input filter could be constructed and evaluated as intended. On 
the other hand, if the output filter f0 is at, say, 200 Hz, then the 
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FIG. 5. 4 Graphical construction of filter. 

input filter frequency fi should be moved down to around 20 Hz, even 
though the attenuation characteristic is somewhat overdesigned. 

After L and C are determined, damping of the input filter 
should be considered. If the calculated value of C is already very 
large, damping may be attempted by using Figs. B. 28 to B. 30 in 
Appendix B. 

The graphical construction of the sample filter is shown in 
Fig. 5.4. 

More detailed design considerations have been given in Refs. 
148-151. 



6 
Performance Measurement 
and Evaluation 

6. 1 INTRODUCTION 

For established power supply manufacturers, it is reasonable to 
assume that they have most of the necessary test equipment to 
evaluate their products. With the proper equipment, the matter 
of measuring any particular parameter or component is then re­
duced to reading the relevant operation manual and following the 
instruction given for that particular piece of equipment. 

This chapter aims to outline the basic approaches required to 
perform essential measurements by means of a special test set 
which can be easily made by the reader. With this test set, it is 
possible to measure the converter input impedance, the output 
impedance, and the inductance of de biased inductors. 

The closed-loop method of loop gain measurement is illustrated 
using the basic buck converter as an example. 

6. 2 THE TEST SET 

The primary purpose of the test set is to provide a means of adjust­
ing ac and de levels and injecting ac signals into the power conver­
ter under test at a power level consistent with the maximum output 
power to be delivered by the converter. The basic components of 
the test set consist of an adjustable reference voltage for setting the 
de test condition, an input terminal to accept and permit the in­
jection of an alternating voltage signal for superimposing onto the 
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Capacitors Arrangement 

FIG. 6. 1 Conceptual schematic of test set. 
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preset de level, and a linear power output stage to accommodate 
the converter or component power requirement. See Fig. 6 .1. 
The voltages +V cc and -VEE are the usual voltage requirement for 
use with operational amplifiers, typically + 18 and -18 V, respec­
tively. Resistor Rs sets the de level of the test set. The block­
ing capacitor CB should be high in capacitance, typica~ly 100 µF 
for low-frequency injection. Electrolytic types may be used back 
to back as shown in Fig. 6.1. Resistor Radj should be of the 
variable high-wattage type for test current setting. Transistors 
Q 1 to Q 3 should be able to provide sufficient current gain to drive 
the required test current, with Q 3 carrying the bulk of the test 
current. Q 2 and Q 3 could be made up of more than two transistors 
in parallel with a current-sharing arrangement, if required. 

If R 1 is made equal to R 2, the injected ac signal will have an 
inverted gain of unity. The ac input will appear across points 
B and C. When an adjustment is made on the ac input level or 
when first powered up, sufficient time should be allowed for the 
signal to stabilize before any readings are taken. This is due to 
the charging time constant of RlCB. 

6. 3 MEASUREMENT OF CONVERTER OUTPUT IMPEDANCE 

To ensure that the test set is operating in the linear mode, the de 
voltage at point C should be set at approximately half the value of 
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A 

FIG. 6. 2 Measurement of converter output impedance. 

Chapter 5 

that at point A. The voltage at point A is supplied by the power 
converter under test as shown in Fig. 6. 2. The test set acts as 
the load for the power converter. 

The output impedance of the power converter under test is cal­
culated by the following relations: 

ac voltage at point C _ ac voltage at point A 
R - Z 

adj out 

Therefore, 

Z = ac voltage at point A R 
out ac voltage at point C adj 

(6.1) 

With this arrangement, the output impedance of the converter 
at any frequency is obtainable by varying the frequency of the ac 
signal source. The setting of the ac signal source should be at a 
level high enough to provide a few millivolts of ripple at point A at 
all times. Since voltage ratios are of interest here, an oscilloscope 
could be used to measure the peak-to-peak voltage values for this 
exercise. 
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6.4 MEASUREMENT OF CONVERTER INPUT fMPEDANCE 

The setup for input impedance measurement is shown in Fig. 6. 3. 
The input current to the converter under test is monitored by an 
ammeter. v 1 and v 2 are ac voltage measurements. If an oscillo­
scope is used, the measurement of v2 must be made with the oscillo­
scope isolated from the main power lines. 

The converter input impedance is obtained by the following re­
lation: 

(6. 2) 

Radj is usually made less than 1 fl to avoid excessive power 
consumption and a high component wattage rating. 

6.5 INDUCTANCE MEASUREMENT OF DC BIASED INDUCTOR 

The arrangement of the inductance measurement for a de biased 
inductor is shown in Fig. 6. 4. In this procedure the inductor is 
measured only at one operating frequency and does not require 
measurement over a wide frequency range. 

The inductance is calculated using the measured parameters 
as follows: 

v2 = R 

v 1 J,_R_2_+_w_2_L_2 

(6. 3) 

In this setup, the inductor takes the place of the converter input 
terminals as shown in Fig. 6. 4. The required de bias is applied 
by adjusting R 5 until the ammeter reads the required direct current. 
The ac signal source is then adjusted to the test frequency at 
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A 

FIG. 6.4 Measurement of de-biased inductor. 
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INDUCTOR 

UNDER TEST 

which the inductor is designed to operate. The ac level is then 
set to obtain a few millivolts of ripple at point A. v 1 and v 2 are 
then read off an oscilloscope, and the inductance is calculated, 
using Eq. (6. 3). 

6. 6 MEASUREMENT OF CONVERTER LOOP GAIN 

In Chapter 2, the design of the buck converter operating in the 
continuous conduction mode was outlined in an example in Sec­
tion 2.6. The theoretical performance of this converter was pre­
dicted by means of the calculat~r program for the buck converter 
given in Section 2. 5. In this section, a method of loop gain meas­
urement of a converter is described. 

To ensure stable operation and to check for design discrepan­
cies, it is essential to perform measurements on the gain and phase 
of the power converter. One method of performing this measure­
ment is to inject a small ac signal into the feedback loop at a suit­
able location and measure the closed-loop gain of the converter. 
Figure 6. 5 shows an arrangement for loop gain measurement. T 1 is 
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FIG. 6. 5 Gain and phase measurement of power converter. 
(HP3575A is a registered trademark of Hewlett-Packard Company.) 
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a conventional audio output transformer matched to an 8-rl loud­
speaker load. It should be noted that the bandwidth of this trans­
former should always be able to accommodate the bandwidth of the 
converter to be measured. 

The output of amplifier A2 is a convenient and suitable point 
to break the loop because it is a low-impedance source, and the 
input to A 1 presents a high input impedance, an ideal condition 
for voltage injection measurement. The Hewlett-Packard model 
3575A * gain /phase meter is capable of making gain and phase 
measurements under the noisy conditions usually encountered in 
switching regulators. The voltage divider networks, composed 
of R 5 and Re, serve to further reduce unwanted noise to ensure 
more reliable results. 

With the amplitude function knob selected for BI A and the 
phase reference knob selected for channel A, the loop gain (in 
decibels) and the phase (in degrees) relationship of the two sig­
nals are directly read out from the displays. The audio signal 
generator is used to set the frequency to provide a number of 
measurements within the frequency range of interest. The loop 
gain of a switch mode power converter can also be measured using 
methods given in Refs. 165 and 166. The closed-loop method of 
loop gain measurement is particularly useful for high-loop-gain 
circuits under noisy environments [214, 215]. 

In the event that the noise within the loop is high enough to 
render erroneous readout from the gain/phase meter, a selective 
voltmeter similar to type HP3581C* should be used to obtain mean­
ingful results. The phase information would then be obtainable 
with methods described in [165, 166]. 

6. 7 TRANSIENT RESPONSE CONSIDERATIONS 

The small-signal analysis using state-space averaging techniques 
provides a convenient method of predicting the stability of regu -
lated power converters. However, under large-signal conditions, 
such as a step load change, the excitation may be sufficient to 
start an oscillation for a limited period of time or for an infinite 
time duration. The nature of this oscillation depends largely on 
the "damping ratio 1;; of the system function. A method of obtaining 

*HP3575A and HP3581C are registered trademarks of Hewlett­
Packard Company. 
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the phase margin of a second-order system by means of time re­
sponse measurement is given in Appendix C. This measurement 
combined with the state-space small-signal analytical prediction 
will satisfy most stability design and testing requirements. 

In the application of this method to power converters, the ar­
rangement given in Fig. 6. 6 is used. The time response is ob­
served using an oscilloscope with probe connected to the output 
terminals of the converter as shown in Fig. 6. 6. 

6.8 PREDICTION AND EVALUATION OF CONVERTER 
EFFICIENCY 

In the process of assessing the efficiency of a power converter, 
it is common practice to measure the input power and the output 
power to obtain an overall efficiency indication. However, some­
times it is necessary to assess the efficiency of a particular part 
of the converter to determine if an "optimum" performance for 
that part of the converter has been achieved. In that event, it 
becomes necessary to dissect the converter into many parts with 
an efficiency figure assigned to each part as a design target. 
This concept is illustrated in Fig. 6. 7 using a push-pull conver­
ter as an example. 

For 

p = 500 w 
0 y 0 = 100 V 

I0 = 5 A 

Assume a loss of 20 W in the output filter; then 

P. = 520 W 
1 

For a 1-V forward voltage drop across the output diodes, the 
diode loss is 5W ; therefore, 

p 2 = 525 w 

Assume a 96% efficiency for the transformer T 1: 

p2 525 
p3 = 0.96 = 0.96 = 547 w 
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Similarly, if the combined power requirement of the power switches, 
the driver circuit, the pulse width modulator, and the auxiliary 
power supply is, say, 40 W, then 

p 6 = p 3 + 40 w = 58 7 w 

Assume the input filter dissipates 30 W ; then 

pi = p 6 + 30 = 587 + 30 = 617 w 

The predicted converter efficiency using the preceding assumptions 
is 

p 

~ x 100% = 500 x 100% = 81% 
P. 617 

1 

Since the input voltage is always known, the input current can 
be predicted using the preceding power budgeting procedure. 
Power measurements are then made with an actual breadboard to 
verify all design targets. 





appendix A 
State-Space Averaging Analysis 

The process of state-space averaging is best explained by first 
writing the linear differential equations of the power stage for 
the ON and OFF states, and by then formulating the general matrix 
equations. The following analysis assumes that the corner fre­
quency of the output low-pass filter is at least a decade or two 
below the frequency corresponding to half the switching frequency. 

For the buck power stage (see Fig. A. 1) operating in the con­
tinuous conduction mode, assume R » (r + rL); then terms con­
taining R, r, and rL would assume the value of R only: 

For the ON condition (see Fig. A.2a): 

v =ri +v 
o L 

For the OFF condition (see Fig. A. 2b) : 

(A.1) 

(A.2) 

(A.3) 

(A.4) 
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Q 

FIG. A. 1 Buck power stage. 

v =ri +v 
o L 

r 
R 

c 

Rearranging the ON state equations, we obtain 

r 

R 
c 

(a) 

Appendix A 

(A.5) 

(A.6) 

(A. 7) 

(A.8) 

(A.9) 

r 
R 

c 

(b) 

FIG. A. 2 Buck power stage topological behavior during ON and 
OFF states. (a) ON condition. (b) OFF condition. 
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Designate the state vector as 

(A .10) 

and by similar manipulation of the OFF state equations, two new 
matrix equations result: For the ON state, 

T 
v = C x = [r l]x 

0 1 

ahd for the OFF state, 

T 
v = C x = (r l)x 

0 2 ' 

Rewrite Eqs. (A. 11) to (A. 14) in the form: 

ON 

x = A 1x + b 1vi 

v = CTx 
0 1 

(A .11) 

(A.12) 

(A. 13) 

(A.14) 

(A.15) 

(A. 16) 
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OFF 

T 
v = c x 

0 2 

where 

(

- l(r + r ) 
L L 

A = 
1 1 

c 

[

- l(r + r ) 
L L 

A = 
2 1 

c 

T c1 = (r, 1) 

T c 2 = (r, 1) 

Appendix A 

(A.17) 

(A.18) 

-~J (A.19) 

-il] 
CR 

(A.20) 

(A. 21) 

(A. 22) 

(A. 23) 

(A. 24) 

Now, by averaging over one period, (d + d0 )T =Tor d + d0 = 1, 

(A. 25) 

(A. 26) 
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or 

x =Ax+ bv. 
1 

T 
v = c x 

0 

where 

A=dA +dA 
1 0 2 

[ 

r + rL 1 1 --L- -L 

1 1 - --c CR 

[~1 
b =db + d b = LJ 

1 0 2 0 
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(A. 27) 

(A. 28) 

(A. 29) 

(A. 30) 

(A.31) 

Perturbation is achieved by the introduction of line and duty cycle 
variations ~i and d, respectively: 

A 

v. = v. + v. 
l l 1 

A 

d=D+d 

A 

d = D - d 
0 0 

x=X+x 

v = v + ~ 
0 0 0 

Therefore, introduction of perturbation to Eq. (A. 25) gives 

(A. 32) 

(A. 33) 

(A. 34) 

(A. 35) 

(A.36) 
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f<. == [ (D + cl) Al + (D 0 - d)A 2](X + x) 

+ [(D + d)bl + (D - d)b 2](V. + v.) 
0 l l 

== (A 1D + A1ct + D 0 A2 - ctA 2)(X + i) 

+(Dbl + dbl + D 0 b 2 - db 2HV i + ~i) 

+ D b 2v. - db 2v. + ab 1v. 
0 l l l 

/\ 

Appendix A 

Note that for d == 0, D == d, D0 == d0 for the steady-state con-
dition. 

Examination of Eq. (A.37) reveals that 

AX+ bVi is the steady-state term. 
Ax + b~i is the line variatio~ term. 
[(A 1 - A2)X +(bl - b 2)Vi]d is the duty cycle variation term. 

[(A 1 - A2)~ + (b 1 - b 2)~i]d is the nonlinear term. 

Therefore, 

(A. 38) 

line duty cycle nonlinear 

In this analysis, the perturbation is assumed to be very small 
such that the perturbed value is very much less than the steady­
state value, and only the first-order linear perturbation terms are 
kept to obtain the linearized small-signal model, i.e., 

V. >> v., D >> d, x >> x 
l l 
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it follows that the nonlinear terms in Eqs. (A.37) and (A.38) would 
be extremely small, and dropping these terms would not significantly 
affect the overall accuracy of the analysis, but would effectively 
linearize the system. 

Now, from the steady-state term of Eq. (A. 37), 

and 

or 

T 
V =C X, steady-stateformofEq. (A.28) 

0 

v o T -1 
- = - C A b steady-state de transfer function v. 

l 

(A. 39) 

Considering only the line and duty cycle terms, Eq. (A.37) 
gives 

(A. 40) 

and Eq. (A. 38) gives 

(A. 41) 

To obtain the line to output transfer function for small signals, 
put d = 0 in Eqs. (A.40) and (A.41), then 

~=Ax+ bv. (A. 42) 
l 

(A. 43) 

Taking the Laplace transform of Eq. (A. 42) and setting all initial 
conditions to zero, 

sx(s) = Ax(s) + b~.(s) 
l 

(A. 44) 
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(sI - A)x(s) = bv.(s) 
l 

i<s) = (sl - A) -lb 
v.(s) 

1 

Appendix A 

(A. 45) 

(A. 46) 

where I is an identity or unit matrix, and from Eq. (A. 43), 

A TA 
v (s) = C x(s) 

0 

Therefore, 

vo(s) T -1 
l) = C (sl - A) b small-signal line to output 
vi s transfer function 

(A. 47) 

(A. 48) 

( 1. 49) 

To calculate the duty cycle to output transfer function, put vi = 0 
in Eqs. (A. 40) and (A. 41); then 

~=Ax+ [(A 1 - A2)X + (bl - b 2)Vi]d 

x(s) -1 
-A-= (sl - A) [(Al - A2)X + (bl - b 2)V.] 
d(s) I 

(A. 50) 

vo(s) T ~1 
-A-= C (sl - A) [(Al - A2)X + (bl - b 2)V.] 
d(s) I 

T T 
+ (C 1 - c 2 )X (A. 51) 

Equations (A .1) to (A .14) show a procedure of setting up the 
state matrices for the case of the buck power stage operating in 
the continuous conduction mode. 

Equations (A .15) to (A .18), (A. 25) to (A. 28), and (A. 32) to 
(A. 51) are general state-space equations applicable to all basic 
power stage configurations. 
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Equation (A. 51) is the duty cycle to output transfer function. 
To obtain the steady-state de transfer function for the buck 

power stage operating in the continuous conduction mode, Eq. 
(A. 39) is used: 

= -(r, lr ~ r (A. 52) 

It will be observed that in Eq. (A. 52) the first term is essentially 
that of Eq. (A. 31) , the second term is the inverse of Eq. (A. 29), 
and the third term is Eq. (A. 30). 

It is also recalled [ 206) that for a matrix in the form of 

its inverse is equal to 

Therefore, 

: ~ = =-r L-=-:_-_<~:~~~~l)~+-Ll-J ~i rL ~ r] [:] 
(A. 53) 

= __ -(_r_. ~1) __ [L~~] = dr + dR 
rL + r 1 1 -d rL + r + R 
--L- CR + LC LC 
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v 
_£=d r+R !:::D 
V. r + r + R 

1 L 
(A. 54) 

Similarly, the small-signal line to output transfer function fol'. 
the buck converter is [from Eq. (A. 49)] 

vo(s) T -1 
.,,--,--.,--( ) = C ( sl - A) b v. s 

1 

= (r, 1) 
[ 

rL + r 
s +--L-

1 
c 

[ 

1 . 
s+-

= (r, 1) CR 

( s + rL L+ r)(s + c~) + L~ ~ 

= (r, 1) 

( rL + r)/ 1 ) 1 
s + --L- \s + CR + LC 

Dr ( 1 ) D L s +CR +LC 

2 (rL + r 1 ) rL + r 1 
s + -L-- + CR s + LCR + LC 

D [!._ (s + _!__) + _!__] 
=---=L::;_,___C~R=--~L~C-=----

2 (rL + r 1 ) rL + r 1 
s + -L-- + CR s + LCR + LC 

D rc(s + c~) + 1 
~----'------'--'------

LC 2 (rL + r 1 ) rL + r 1 . 
s + s --L- + CR + LCR + LC 
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A r 
v0 (s) 1 res+ R+ 1 
~ = D ---------------
vi(s) LC 2 (rL + r 1 ) rL + r 1 

s + s --L- + CR + LCR + LC 

(A. 55) 

from which the first term is identified as the steady-state de trans­
fer function and the rest of the expression constitutes the effec­
tive output filter transfer function He(s). 

From Eq. (A.51), the duty cycle to output small-signal trans­
fer function is 

v (s) 
~=CT (sl - A)-l[(A 1 - A2)X +(bl - b 2)V.] + (CTl - CT )X 
d(s) i 2 

=(r, 1) 

where 

[

s + ~ (rL + r) 

1 
-c-

~J-l[t] v. + 0 
1 l 

s +CR 0 

8 + rL ~ r] [~] 
. 2 (rL + r 1 ) rL + r 1 

K =s +s--+- +---+-
o L CR LCR LC 

:~::) = V~: 1] [(• +L~~j~] 
- vi[~ (s + ~) + fc] 
-. K 

0 

V rC(s + 1/CR) + 1 
i LC 

K 
0 
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(A.56) 

v (s) V 
,8---- = __£ H (s) 
d(s) D e 

(A.57) 

By adopting the previous analysis procedures, the steady-state 
de transfer function for the boost power stage (see Fig. A. 3) can 
be derived as follows: 

rl v. Vo 1 

+ r 

Jl R 

c 

(a) 

rl 

+ r 
R 

c 

(b) 

+ r 
R 

c 

(c) 

FIG. A.3 Boost converter. (a) Basic circuit. (b) OFF condition. 
(c) ON condition. 
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--[n ~ - or+ R 
[

r +D ~ 
L or+R 

-L 

r ~ R] D R 
(r +

0 
R)C 

v 
0 

v. 
l 

x 

-1 DR 
0 

(r + R)C L(r + R) 

D rR 
0 

-DR r +--
L r+R 0 

(r + R)C 

-[D 0 rR 
r+R 

D rR + D R 2 
0 0 

-L 

2 2 
rL(r + R) + D rR + D R 

0 0 

v 
~"' __!_ 
V. D 

l 0 

1 
L 

0 
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(A. 39) 

(A. 58) 

(A. 59) 
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The small-signal line to output transfer function of the boost 
converter, from Eq. (A. 49), is 

vo(s) T -1 
.,.,---( ) = C (sl - A) b v. s 

l 

where 

1 
=-K (D r, 

1 0 

(D r/L)[s + (1/CR)] + D /LC 
0 0 = ~~~~~~~~~~~~ 

Kl 

D 
_ __Q_ srC + (r/R) + 1 
- LC 

(A. 49) 
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and substituting Le for LI (1 - D) 2 

~ (s) 
0 1 

Vl·(S) = D L c 
o e 
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(A. 60) 

(A. 61) 

For the derivation of the duty cycle to output small-signal 
transfer function of the boost converter, the following matrices 
will be used: 

CA - A ) = [ ~ Lol] 
1 2 -1 

c 

(A. 62) 

(A. 63) 

T T c 1 - c 2 = C-r, O) (A. 64) 

(A. 65) 

-1 _v_. r-D~o] X =-A bV. = 1 

1 [ ( r L + Dor) /R] + D o2 
(A. 66) 
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v (s) 
0 

Appendix A 

(A. 67) 

After some manipulation and substituting L/(1 - D) 2 for Le, we 
obtain 

v (s) 
0 

d(s) 
= 

v 
0 

D 
0 

1 
L C 

e 
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V r 
0 

DR 
0 

After making suitable approximations for practical cases, 

v (s) V ( sL ) o o e 
-A--!:::!- 1 - - H (s) 
d(s) D 0 R e 

225 

(A. 68) 

A somewhat similar analysis [62] of the buck-boost power stage 
yields the following relations: 

(A. 69) 

(A. 70) 

where He(s) is identical to that of the boost converter, as given 
in Eq. (A.61): 

v (s) 
0 

d(s) 
Vo [1 - sDL ]H (s) 

D(l - D) R(l _ D)2J e 
(A. 71) 

Comparison of Eqs. (A. 57), (A.68), and (A. 71) shows that a dis­
tinct effective output filter transfer function He(s) is present in 
each of the three basic power converter configurations. With this 
knowledge in mind, it is possible to identify individual converter 
characteristics from functions other than He(s). One of the first 
noticeable characteristics is that of the buck converter, which has 
no frequency-dependent functions other than He(s). This means 
that, for all known buck and buck-deprived converters, the con­
verter loop gain would be represented by a product He(s) and a 
constant term, neglecting the effect of storage time modulation [ 76, 
90) . The loop gain could then be tailored by error amplifier gain 
compensation and/or output filter damping. 

For the boost and buck-boost converters, there is a zero in the 
output to duty ratio small-signal transfer function in each case. 
By virtue of the negative sign within the expression, this zero is 
located in the right half of the complex frequency plane. 
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Also worthy of attention is the effective output filter transfer 
function He ( s) for the boost and buck-boost converters; it is iden -
tical and is depicted in Fig. A. 4. From this figure, it is evident 
that the tuned frequency of this filter is duty ratio dependent 
(unlike the buck and buck-derived converters, which has only 
the nominal element values to contend with). This means that the 
actual loop gain responses at high and low duty ratios would ex­
hibit two distinct resonant frequencies for the "same" filter ele­
ments, due to constant periodic changes between two different 
topologies during switching. 

Therefore, the graphs provided in Appendix B are directly 
applicable to loop gain analysis of buck and buck-derived-type 
converters, whereas, for the boost and the buck-boost converters, 
due to the presence of the right half-plane zero, these graphs 
would only serve as guidelines for tailoring loop responses up to 
some point just beyond the dominant poles (pole locations due to 
DH and DL) of the output filter He(s). 

The equations obtained for v0 1a are easily related to v0 /vc by 
substituting d = vc!Vm (Middlebrook [71] and Pressman [48, p. 
319]) so that 

v (s) 
0 

d(s) 
(A. 72) 

This result is reflected in Chapter 2 in Eq s. ( 2. 1) to ( 2. 4) . 
It is also evident that, with the knowledge of V m (which is us­

ually supplied by the manufacturers of the modulator circuits), it 

L 
L 

0)2 e ( 1 -

v. 
l 

rl 

(1 - 0)2 r 
c R 

nC 

FIG. A . 4 Effective output filter of boost and buck-boost 
converters. 
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is possible to evaluate circuits built with a whole variety of modu­
lator control circuits, as long as they are of the ramp and com­
parator types. 

Because of the omission of r in some elements of the A matrix, 
the results obtained for Eqs. (A. 54) , (A. 55), (A. 57), (A. 61) , 
and (A. 68) to (A. 71) are correct only to first-order accuracy. 
Note that the A matrix for Eq. (A. 58) includes all appropriate 
parasitic components. Equation (A. 59) shows the result with the 
second-order effect neglected and is correct only to first-order 
accuracy. 
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Graphical Design Aids 

The following graphs are provided as design aids so that the de­
signer can do most performance prediction without requiring de­
tailed calculations. Should the designer wish to check further, 
calculator programs are provided for this purpose in Chapter 2. 

Figures B .1 to B . 3 show the undamped LC filter whose response 
varies with load. For ease of reference and comparison, all the 
filters in this appendix were plotted with a corner frequency of 
1 kHz. While normalized curves could have been used, these 
curves are nevertheless accurate for the intended purposes. 

Figures B .1 to B .16 have the characteristics shown for L/C = 
1. Figures B. 17 to B . 27 show responses with ratios of LI C = 0. 1. 
Figure B. 28 shows an output filter with a "trap" circuit. In this 
figure all inductors and capacitors are made equal for the graphi­
cal plot. In practice, however, the series tuned inductor could 
be made larger in inductance (since it does not carry any direct 
current) and the series tuned capacitor made smaller in capaci­
tance, but of the same type or make as that used for C. The re­
sponses of the circuit ar~ shown in Figs. B . 29 and B. 30. Fig­
ures B. 31 to B. 33 have the characteristics shown for L /C = 10. 

All graphics in this appendix were produced with the Hewlett­
Packard desk-top computer HP-9845C. 
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FIG. B .1 Output filter without damping. 
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FIG. B. 4 Output filter with damping. 
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appendix C 
Using Transient Response 
to Determine System Stability 

By definition, the transfer function of a second~order contror 
system can be written as 

2 
w 

C(s) _ n 
R(s) - 2 2 

s + 2z;:w + w 
n n 

(C .1) 

where z;: is the damping ratio and Wn is the natural frequency of 
oscillation of the system. 

For unit step input, 

1 
R(s) = -

s 

which reduces Eq. (C.l) to 

2 
w 

n 
C(s) = 2 2 

s(s + 2z;:wn + wn ) 

The inverse Laplace transform of Eq. ( C. 2) is 

(C. 2) 
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(C. 3) 

= 1 - sin w 1 - <: t + tan <: 
e-<:wnt ( J--2 -1J1 - 2 ) 

12 n <: 
(C. 4) 

,j 1 - <:-

The step response for a second-order control system is plotted 
in Fig. C.1. 

The transfer function of Eq. ( C. 1) has poles at 

(C. 5) 

For <:;; < 1, 

S = - i'.;;W ± jw J 1 - <:;; 2 
n n 

(C. 6) 

This case is of greatest interest to control system designers. 
To find the maxima and minima along the time axis, differen­

tiate Eq. ( C. 4) with respect to t: 

dC(t) _ -e n 2 -<:;;wt j;7 
dt - j;7 wn 1 - <: cos(wt +M 

<:;;w e-<:wnt 
n . ( + sm wt+~) 

Ji7 
(C. 7) 

where 

-1r:7 
~=tan 

<: 
(C. 8) 

Equating Eq. ( C. 7) to zero gives 

_J;7 cos(wt +a) + <:;;sin( wt + ~) = 0 (C. 9) 
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Therefore, 

~ tan(wt + 11) = 1; 

From Eqs. (C.8) and (C.10), 

( -1J~) ~ tan wt + tan 1; = 1; 

But 

wt= nTI, n = 0, 1, 2, ... 

Therefore, 

n1T 
t=----

w .Ji7 n 

Appendix C 

(C .10) 

(C .11) 

(C.12) 

(C.13) 

Therefore, for n = 1, the first maximum of the system output is 

1T 
tl = --_-_-_-_-

w J 1 - r;;2 
n 

(C.14) 

Substituting Eq. (C.13) into Eq. (C.4) fort gives 

[,1T/J~ 
for n = 1: C(t) 1 = 1 + e maxima 

- 2i,1T/J;7 
for n = 2: C ( t) 2 = 1 - e minima 

·p - 31,;TI/ 1 - 1; 
for n = 3: C(t) 3 = l + e maxima 

Therefore [212], 

fC(t)l - C(t.)"31 -i;;TI 

loge L C(t)2 j = 
J;7 

(C .15) 
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or 

[
C(t) 1 - C(t) 3] 

loglO C(t) 
2 

(C .16) 

Solving for s gives 

I [C(t)l - C(t)3 JI 
loglO C(t) 

2 s = --~----------- (C .17) 

) z[C(t)l-C(t)3] 
log 10 C (t) + 1. 86571 

2 

Equation (C .13) is used to find wn using the calculated values of 
ti, t3, and s [from Eq. (C.17)]: 

21T w = -----'--''-----

n (t - t )J~ 
3 1 

See Fig. C . 2. 

( c. 18) 



appendix D 
Derivation of Current Density 
and Area Product Relationships 

The relationship of current density J to the area product AP of a 
magnetic component for a given temperature rise is derived as 
follows [ 120) . 

The total surface area of the component At is (see Figs. D .1 
to D. 4) 

A = K z2 
t 4 

The area product is 

A = K z4 
p 2 

2 !A::" 
l =J~ 

Substituting Eq. (D. 4) into Eq. (D. 1) for z 2 gives 

At=K4w 
2 

(D .1) 

(D .2) 

(D.3) 

(D. 4) 

(D .5) 
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FIG. D. 1 Tape-wound core, powder core, and pot core surface 
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Current Density and Area Product 

At • SURFACE AREA 

At 
(G + 2E) (2F + 2E) - 2FE + 
(D + F) (2F + 2E)] 

FIG. D.3 C-core surface area At· 

Introducting the core configuration constant Ks, we obtain 

K4 
K =--

s IK 
2 

At=KvA s p 

The copper loss is 

I= A J w 
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(D .6) 

(D. 7) 

(D. 8) 

(D. 9) 
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Therefore, 

(D .10) 

The winding resistance is 

R = MLT N 
w A p 

w 
(D .11) 

Therefore, 

(D .12) 

At92{ 2(f +Fl f (0+2Fl +(G+2El] +(G+2El (0+2Fl-8EF I 
FIG. D.4 Single-coil C-core surface area At. 



Current Density and Area Product 

P =A J 2N MLT 
cu w p 

But MLT has a dimension of length 

MLT = K A 0 · 25 
5 p 

Therefore, 

A N=KW =K VA 
w 6 a 3 p 

p = K A 0. 5K A 0. 25J2 
cu 6 p 5 p p 

Assume that P = Pf : cu e 

p = K A 0. 75J2 = p 
cu 7 p fe 

The sum of copper and iron losses is 

p" = p +pf 
'"' cu e 

The change in temperature is 

0.75 
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TABLE D .1 Core Configuration Constants 

Core Losses 
K-

(25i C) 

Pot core p =P 
cu fe 

433 

Powder core p »Pf 403 
cu e 

Lamination p =P 
cu fe 

366 

C -core p =P 
cu fe 

323 

Single-coil p »P 
cu fe 

395 

Tape-wound p =P 
cu fe 

250 
core 

J=K.A(x) 
J p 

W = K A 
0.75 

t w p 

K 
(50{ C) (x) K 

s 

632 -0. 17 33.8 

590 -0. 12 32.5 

534 -0. 12 41. 3 

468 -0. 14 39.2 

569 -0. 14 44.5 

365 -0. 13 50. 9 

A =KA 
o. 5 0 

t s p 

Vol= K A 
0.75 

v p 

K 
w 

48.0 

58.8 

68.2 

66.6 

76.6 

82.3 

K 
v 

14.5 

13. 1 

19. 7 

17.9 

25.6 

25.0 

r..:> 

°" Co 

::i:.. 
"O 
"O 
Cl) 

;:! 
Q. 
i:;· 
t:i 



Current Density and Area Product 

or 

J2 = Li T 
K A 0. 25 

g p 

J = K.A -0.125 
J p 

J =KA x 
j p 

where x is given in Table D . 1. 
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appendix E 
SPICE Models for Computer Simulation 

"'----------------------------,., 

,., 

MACRO: 2 
Buck Step_Down Transformer 

Mode : Continuous 

*---------------------------~ 
.SUBCKT BUCK 1 2 3 4 5 
* NODE DEFINITION 
,~ Input : 1,2 
"' Output : 3,4 
* Duty Cycle : 5 
,., N=l is transformer turn ratio 
* l:D*N is the effective turn ratio 
* Gain of GIN is N/ROUT 

Rduty 
Rout 
Gin 
Eout 
.ENDS 

5 0 lMEG 
6 3 .01 
1 2 POLY (2) 
6 4 POLY (2) 
BUCK 

6 3 5 0 0 0 0 0 100.0 
1 2 5 0 0 0 0 0 1.0 

*·-----------------------------
,., 

MACRO: 3 
Boost Step_Up Transformer 

Mode : Continuous 

"'-----------------------------,., 
.SUBCKT BOOST 1 2 3 4 5 
* Node Definition 
,., Input : 1,2 
>~ Output : 3,4 
* Duty Cycle : 5 
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SPICE Models for Computer Simulation 

* N=l is transformer turn ratio 
'" (l-D) :N is the effective turn ratio 

Rduty 5 0 !MEG 
Rin l 6 .01 
Rout 3 4 lOOMEG 
Gout 4 3 POLY (2) 
Ein 6 2 POLY (2) 
Rdutyl 8 0 !MEG 
Vduty 8 7 DC l 
Eduty 7 0 5 0 -1.0 
. ENDS BOOST 

"' * 
'" ,., 
'" * NODES l & 2 

'" NODE 9 

'" NOOE 11 

'" NOOE 16 

'" 

l 6 8 0 0 0 0 0 100.0 
3 4 8 0 0 0 0 0 l.O 

MACRO: 4 
SG1524 voltage regulator 

ERROR AMP INPUTS 
ERROR AMP OUTPUT 
DUTY CYCLE OUTPUT 
5V REFERENCE OUTPUT 

.SUBCKT SG1524 2 9 11 16 
RI 2 l lOOK 
Rl 9 0 5MEG 
RO 20 0 lK 
RC 9 25 lG 
VO 25 0 DC .7 
VA 23 0 DC 4 
VB 24 0 DC .6 
CI 2 l l P 
Cl 9 0 l 59P 
G l 0 9 2 l l. 6M 
ED 11 0 20 0 .01 
VR 16 0 DC 5 
GO 0 20 9 25 1].05M 
IX 0 20 DC 1.613M 
VP 21 0 DC 49.4 
VM 22 0 DC 1.6 
Dl 20 21 DSWITl 
D2 22 20 DSW\Tl 
03 9 23 DSWITl 
04 24 9 DSWITl 
.MODEL OSW\Tl D (RS=.1) 
.ENDS SG1524 
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* ,., 

* .SUBCKT XFMR l 2 3 4 
* Node Definition 
,,, I npu t : 1 , 2 
>~ Output : 3,4 

MACRO: 5 
De-to-De Transformer 

* Gain of Primary current source= N/Rsecond 
* Gain of Secondary current source = N/Rsecpar 
fc N = . 62 
fc 

Rprimary 5 6 .01 
Rcorloss 6 2 lOK 
Leak ind l 5 200U 
Rsecond 7 3 . l 
Rsecpar 7 4 . l 
Gcurpri 6 2 7 3 6.2 
Gcursec 4 7 6 2 6.2 
.ENDS XFMR ,,, 

Appendix E 



appendix F 
Pulse Handling Capability 
of Wire-Wound Resistors 

Reprinted with permission of Dale Electronics, Columbus, Nebraska. 
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INTRODUCTION: 

Power wirewound resistors have steady state power and voltage ratings which limit the 
temperature of the unit to less than + 275°C or + 350°C. For short durations of 5 seconds or 
less these ratings are satisfactory, however, the resistors are capable of handling much higher levels 
of power and voltage. For instance, the RS-5, 10 Ohm has a continuous rating of 5 watts but for 
a duration of 1 millisecond the unit can handle 24,600 watts and for 1 microsecond the unit can 
handle 24,600,000 watts. The reason for this seemingly high power capability is the fact that 
energy, which is the product of power and time, is what creates heat; not just power alone. 

SHORT PULSES (LESS THAN 100 MILLISECOND) 

For short pulses, it is necessary to determine the energy the customer is planning to apply 
along with the resistance value. The energy of the pulse is then compared with the energy cap­
ability shown in the energy - resistance chart. The energy per Ohm shown in the left hand column 
is the amount required to raise the wire temperature to + 350°C with no heat loss in the core, 
coating or leads. This assumption will be fairly accurate for microsecond pulses and gets more con­
servative ~as the pulses get longer. For this reason, the energy - resistance chart is limited to 
pulses up to 100 millisecond. For a single square wave pulse, energy is calculated as follows: 

Where: P 

v 

v 

J L 
Pulse Power (Watts) 

Pulse Voltage (Volts) 

R Resistance (Ohms) 

Pulse Duration (Seconds) 

E Energy (Watt-seconds or Joules) 

E =Pt 

(1) After the energy has been calculated, divide by the resistance to obtain watt-seconds per 
ohm. 

(2) Go to the energy-resistance chart and choose the energy per ohm value which is equal to or 
greater t,han that which was calculated. 

(3) Follow across the chart to the right until the resistance value or one higher than called for 
in the application is reached. 

( 4) The resistor styles shown at the top of this column will then be the smallest size to handle 
the pulse. 

Note: Any style shown to the right of this column could be used and would provide an additional 
safety factor. 

Example: A single square wave pulse having an amplitude of 100 volts for 1 millisecond is applied 
to a 10 Ohm resistor. What would be the smallest resistor style in the RS line that would handle 
this pulse? 

P = yz = 1002 10,000 = 1000 watts 

E 

E 
if 

R 10 l:i) 

Pt 

1 
10 

(1000) (.001) 

.1 watt - second 
ohm 

1 watt-seconds 



Wire-Wound Resistors 275 

(1) From the energy-resistance chart, page 7, the next higher energy is .153 watt-seconds per 
ohm. 

(2) Following this row to the right, the next highest value above 10 Ohm is 21.1 Ohms. 

(3) At the top of the column, the RS-2B is indicated as the style which would handle this pulse. 

Another frequently used short pulse application is the capacitor discharge circuit. Here a 
capacitor is charged to a given voltage and then discharged through a wirewound resistor. The 
energy for this pulse is calculated as follows: 

Where: C 

v 

v 

Capacitance (Farads) 

Peak Voltage (Volts) 

E Energy (Watt-seconds or Joules) 

E cv2 
-2-

(1) After the energy is computed the value is divided by the resistance to obtain watt-seconds 
per ohm. 

(2) The energy-resistance chart is then used the same way as in the case of the square-wave pulse 
to find the resistor style. 

Example: A 2 microfarad capacitor charged to 400 volts is being discharged into a lK resistor. 
What is the smallest RS that will handle this pulse? 

(1) The energy of the pulse is: 

E = CV2 = (2x10"") (400)2 = (lxlO"") (16x104) .16 watt-second 
-2- 2 

(2) Divide the energy by the resistance: 

E = .16 = .16 x 10·3 = 160 x 10·6 watt - second 
R lx103 ohm 

(3) The next highest energy per ohm found in the energy - resistance chart is 221 x 10·6• 

(4) Going across that row to the right, the next highest value above lK is 1420 Ohms. 

(5) The RS style shown at the top of that column is the RS-lA. 

EQUALLY SPACED REPETITIVE PULSES 

When calculating pulse handling capability for repetitive pulses, the average power as well as 
the individual pulse energy must be considered. Calculations for repetitive pulses are as follows: 

L .--------. .....------.. 

T{_~J 
(1) The pulse power P = V2 is calculated for a single pulse. 

R 
(2) The single pulse energy E = Pt is then computed. 

(3) The average power is calculated as follows: 

L 
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PA =Pt 
T 

PA Average Power (watts) 

P Pulse Power (watts) 

t Pulse Width (seconds) 

T Cycle Time (seconds) 

(4) A new energy based on the summation of pulse energy and the contribution due to average 
power is then computed as follows: 

EAP =o E (1 + PA ) 

PR 

Where: EAP' Pulse energy + Average Power energy (watt-seconds) 
E = Pulse energy (watt-seconds) 
PA = Average power (watts) 
Pa= Rated power (watts) 

Note: Pa is the continuous power rating of a resistor style that must be chosen as a starting 
point. 

(5) Divide EAP by R to find the energy per ohm. 

(6) Go to the energy-resistance chart and find the resistor style chosen for Pa. 

(7) Follow down that column until the resistance value equal to or greater than the one being 
used is reached. 

(8) Follow across that row te the left and note the energy per ohm. 

(9) If the energy per ohm in the chart is greater than that calculated, the resistor style chosen 
is satisfactory. 

(10) If the energy per ohm in the chart is· less than that calculated, a larger style must be ehos­
en and the above calculations repeated. 

Example: A series of equally spaced square wave pulses having an amplitude of 200 volts, a 
pulse width of 20 milliseconds and cycle time of 20 seconds is applied to a 100 Ohm resistor. 
Will the RS-5 handle this pulse? 

(1) The pulse power is: 

P = v2 = (200)• 4 x 104 = 400 watts 
R ~ 

(2) The pulse energy is: 

E = Pt = (400) (.02) = 8 watt-seconds 

(3) The average power is: 

~ =P _! = ( 400) (20 x 10·') = .4 watts 
T 20 

(4) The energy due to the pulse and average power is: 

EAp=E(l+PA) 

PR 
8 (1 + .4) 

5 
8.64 watt seconds 

(5) The energy per ohm is: 

E AP = 8.64 = .0864 watt-second 

R 100 ohm 

(6) In the energy resistance chart, the next higher value above 100 Ohm is 116 Ohm. 

(7) Following this row to the left, the energy per ohm is .090 which is sufficient to handle the 
application. 
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NON-INDUCTIVE RESISTORS 

Non-inductive power resistors consist of two windings each of which is twice the finished 
resistance value. For this reason, the energy capability will nearly always be greater than a 
standard wound unit. The procedure used in calculating energy capability for non-inductive styles 
is as follows: 

(1) Compute the energy per ohm by dividing the energy by 4 times the resistance value. 

(2) Go to the energy-resistance chart and choose the energy per ohm value which is equal to or 
greater than that which was calculated. 

(3) Follow the chart to the right until twice the resistance value or one higher than called for 
is reached. 

(4) The non-inductive equivalent shown at the top of the column will then be the smallest size 
to handle the pulse. 

Example: What is the smallest NS style resistor required to handle a .2 watt-second pulse ap­
plied to a 500 Ohm value? 

(1) The energy per ohm is E = .2 = 100 x 10.a Joules 
•R 2000 ohm 

(2) In the energy-resistance chart the next higher energy per ohm is 145 x 10.a. 

(3) Following this row to the right the next higher value than twice the resistance value of 1000 
Ohms is 1960 Ohms. 

(4) At the top of this column the RS-lA is indicated. The non-inductive equivalent is the NS-lA. 

LONG PULSES (100 MILLISECONDS TO 5 SECONDS) 

For long pulses much of the heat is dissipated in the core, leads, and coating. As a result, the 
calculations used for short pulses are far too conservative. For long pulse applications the short 
time overload ratings in the catalog are used. For RS, G, NS, and GN styles this overload is 
either 10 or 5 times rated power for 5 seconds, depending on the style. 

(1) To find the power overload for a 5 second pulse, multiply the power rating by either 5 or 
10 depending on size. 

(2) To find the overload capability for 1 to 5 seconds, convert the overload power to energy by 
multiplying by 5 seconds then convert back to power by dividing by the pulse width in 
seconds. 

(3) For pulse durations between 100 millisecond and 1 second use the overload power computed 
for 1 second. 

Example: How much power can an RS-5 handle for 2 seconds? 

(1) Rated power for an RS-5 is 5 watts. 

(2) 

(3) 

(4) 

From the catalog an RS-5 will take 10 times rated power for 5 seconds. 
5 x 10 = 50 watts 
For 5 seconds the energy capability is 50 x 5 = 250 watt-seconds. 

For 2 seconds the power capability is 250 = 125 watts. 
2 

VOLTAGE LIMITATIONS 

Short pulses - No overload voltage rating has ever been established for wirewound resistors 
when pulsed for short durations. Sandia Corporation has, however, performed a study on our NS 
and RS resistors using 20 microsecond pulses. This study indicates that this type unit will take 
about 20,000 volts per inch as long as the energy shown in the energy-resistance chart is not ex­
ceeded. 

Long pulses - For pulses 100 millisecond to 5 seconds the recommended maximum overload 
is lfIO times the maximum working voltage for 4 watt size and larger and V'5times the maximum 
working voltage for sizes smaller than 4 watt. 



Energy- Resistance Chart 

ENERGY PER OHM EGS-1 EGS.2 EGS-3 ESS-28 
JOULES OR WATT- RS-Y.. RS-Y, RS-1A RS-28 
SECOND G-1 G-2 G-3 G-5 

13.9 x 10·6 3480 4920 J0.4K 24.5K 
20.3 x 10-6 2589 3659 7580 18.69K 
28.7 x 10-6 1999 2829 5840 14.19K 
39.5 x 10-6 1549 2189 4630 10.89K 
53.1 x 10·6 1239 1749 3630 8600 
70.0 x 10-6 1414 2920 6980 
90.6 x 10·6 1000 1149 2740 6550 
145 x 10·6 670 947 1960 4650 
221 x 10-6 492 684 1420 3370 
324 x 10·6 355 502 1040 2460 
460 x 10·6 272 384 792 1860 
632 x 10-6 206 291 615 1340 
850 x 10-6 167 236 487 1150 
1.12 x 10·3 131 186 393 935 
2.07 x 10-3 96.3 136 283 671 
:1.54 x 10-3 65.1 92 192 454 
5.67 x 10-3 45.7 64.5 134 313 

RS-2C RS-2 RS-5 
G-5C G-6 EGS-10 

RS-5-69 
G-10 

32.3K 47.IK 90.9K 
24.19K 3J.79K 69.4K 
18.29K 26.99K 51.7K 
13.69K 20.69K 40.4K 
l l.39K 16.69K 31.4K 
9250 13.59K 25.9K 
7560 1J.09K 24.5K 
6260 8910 17.3K 
4560 6570 12.7K 
3270 4820 9220 
2480 3640 7000 
1920 2840 5460 
1530 2260 4310 
1201 1800 3850 
910 1250 2840 
601 875 1690 
424 617 1160 

RS-7 
G-12 

154K 
114.9K 
88K 
68.59K 
54.39K 
44.19K 
36.79K 
29.5K 
20.59K 
15.69K 
ll.89K 
9240 
7320 
5900 
4260 
2870 
2030 

RS-10 
ESS-10 
RS-10-38 
G-15 

265K 
197K 
152K 
l!IK 
93.5K 
75.5K 
7J.5K 
50.6K 
37.4K 
26.9K 
20.4K 
l5.7K 
12.4K 
!OK 
7540 
4920 
3460 

""' """ Co 

).. 
"O 
"O 
(1) 

~ 
P. 
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Energy Resistance Chart (Continued) 
0.. 

:i::i 
Cl) 

ENERGY PER OHM EGS-1 EGS-2 EGS-3 ESS-2B RS-2C RS-2 RS-5 RS-7 RS-10 C/) 

c;;· 
JOULES OR WATT- RS-Y.. RS-Y, RS-1A RS-28 G-5C G-6 EGS·10 G-12 ESS-10 .... 
SECOND G-1 G-2 G-3 G-5 RS-5-69 RS-10-38 0 ., 

G-10 G-15 C/) 

8.65 x 10·3 33.2 47 97.7 227 307 444 843 1470 2510 

12.7 x 10·3 23.8 33.6 71.1 168 222 310 622 1073 1840 

20.4 x 10-3 17.9 25.3 51.8 122 163 237 447 777 1340 

33.2 x 10·3 12.2 17.2 36.1 85.5 113 165 320 544 932 
56.7 x 10-3 8.22 11.6 24.2 57.8 76.3 111 215 364 618 
.055 6.06 8.56 17.6 42.I 55.5 70.3 156 263 451 
.090 4.47 6.32 13.3 31.6 40.5 51.0 116 201 343 
.153 2.98 4.07 8.52 21.1 27.9 40.8 78.5 133 229 
.245 2.18 3.09 6.28 14.8 19.6 28.6 55.4 95.0 160 
.374 1.50 2.13 4.57 10.8 14.2 21.0 40.2 68.2 117 
.589 1.12 1.59 3.27 7.86 10.3 14.9 29.0 49.0 84.1 
.943 .780 1.10 2.31 5.46 7.22 10.6 20.3 34.4 59.3 
1.52 .542 .773 1.61 3.80 5.13 7.40 14.1 24.2 41.6 
2.46 383 .538 1.13 2.69 3.56 5.4 7 10.11 17.2 29.4 
3.76 271 .394 .829 1.99 2.61 3.81 7.36 12.4 21.4 
5.98 .591 1.41 1.84 2.15 5.24 8.87 15.1 
2.00 .178 .244 .423 1.02 3.86 6.44 11.2 

"" ~ 



Energy-Resistance Chart (Continued) 

ENERGY PER OHM EGS-1 EGS-2 EGS·3 ESS·2B RS·2C 
JOULES OR WATT· RS·~ RS-Y, RS·1A RS·2B G·5C 
SECOND G-1 G-2 G-3 G-5 

2.61 .147 .201 .307 .773 1.36 
4.23 .116 .159 .268 .681 1.00 
5.23 .114 .210 .529 .784 
S.04 .189 .475 .709 
13.4 .152 .383 .569 
20.9 .121 .297 .439 
33.2 .237 .354 
42.I .188 .278 
25.I .168 .248 
41.8 .121 .179 
67.7 .139 
168.5 .102 
100.4 
166.8 
271 
674 

RS·2 RS·5 RS-7 
G-6 EGS·10 G-12 

RS·S-69 
G-10 

1.59 2.86 4.79 
1.35 2.52 4.09 
1.04 2.00 3.19 
.949 1.84 2.99 
.764 1.43 2.29 
.591 1.12 1.79 
.468 .875 1.48 
.369 .716 1.16 
.332 .630 1.03 
.209 .487 .77 
.196 .380 .60 
.147 .276 .4 7 

.171 .29 

.114 
.179 
.110 

RS-10 
ESS-10 
RS•10•38 
G-15 

8.1 
7.0 
5.4 
4.9 
3.9 
3.1 
2.52 
2.00 
1.74 
1.26 
.992 
.699 
.485 
.310 
.252 
.184 

"" Clo 
0 

> 
"' "' ~ ;:1 
$l. 

1-i" 
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appendix G 
Capacitor Life Prediction Guidelines 

1. The attached equations and tables can be used to predict the life of aluminum electrolytic capacitors 
at derated voltages and temperatures. Failures are defined as parameter drift beyond the limits 
outlined in the life test section of the appropriate product bulletin. 

2. Based on de aluminum electrolytic capacitor tests, the inherent relationships between temperature, 
voltage and life were established. A failure rate for each product was established from testing at 
maximum rated conditions. From this failure rate a base life time was established. 

3. The multipliers found in the tables for each product type were derived from acceleration factors for 
voltage and temperature deration [equations (3), (4), and (5)]. 

4. The expected life for each product type is determined by computing the capacitor hot spot 
temperature [equation (1) or equation (2)], and the ratio of use voltage to rated voltage. From this, the 
base life multiplier can be found in the appropriate table. The multiplier times the base life (found in 
Table 1) yields the expected life. 

5. The computation of expected life assumes a constant or decreasing failure rate and that the wearout 
portion of the product life has not been reached. The expected life is the statistical time required to 
generate one f.ailure in 25 units based on a 60% confidence level. 

6. Multipliers resulting in expected life times in excess of 10 years may not be valid due to secondary 
failure modes not considered in the construction of these tables. 

Reprinted with permission of Mepco/Electra, Inc., A North-American 
Phillips Company, Morristown, New Jersey. 
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CALCULATION OF CORE TEMP 

(1) Core Temp (°C)' = (CRF)(103) (I 2 ESR) ·933 + AMB. 
AREA 

or 

(2) Core Temp (°Cf = (CRF) (Case Temp. - AMS.) + AMB. 

D = Dia. (in.) 
L = Case 1-ength (in.) 

CRF = Core Rise Factor= 1.068 + .31154x Can Dia. 

AREA = Surface Area of Can = rrD' + rrDL 
4 

l = Ripple Current (Amps) 
AMB = Ambient Temperature (0 C) 

ESR = Equivalent Series Resistance (ohms) 

ACCELERATION FACTORS 

(3) 

(4) 

(5) 

A 1 = 2 (T Max·Core)/10 (Due to Chemical Kinetics) 

IL at Rated Voltage & Temperature A - ~~~~~~~~~~~~~ 
2 - 1L at Derated Voltage & Temperature 

A = A 1 xA2 

BASE LIFE 

AMBIENT DESIGN 
LIFE TEMP. CORE TEMP. 

TYPE HOURS DEGREES C DEGREES C 

3050 1000 85 95 
3120 2000 85 105 
3186 500 85 95 
3188 1500 85 105 
3191 1000 85 100 
3192 1000 85 115 
3428 2-000 85 110 

·eased on free convection in still air. 

1.IFE 
MULTJPLIER 

TABLE 

2 
4 
2 
4 
3 
5 
6 
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% RATED VOLTAGE 

50. 55. 60. 65. 10. 75. 80. 85. 90. 95. 100. 

95. 5.3 4.7 4.1 3.5 3.0 2.6 2.2 1.8 1.5 1.2 1.0 
94. 5.7 5.1 4.4 3.8 3.3 2.8 2.3 1.9 1.6 1.3 1.1 
93. 6.2 5.5 4.8 4.2 3.6 3.0 2.5 2.1 1.7 1.4 1.2 
92. 6.8 6.0 5.2 4.5 3.8 3.2 2.7 2.3 1.9 1.5 1.2 
91. 7.4 6.5 5.7 4.9 4.2 3.5 29 24 20 1.6 1.3 
90. 81 7.1 6.2 5.3 4.5 3.8 3.2 2.6 2.2 1.8 1.4 
89. 8.8 7.7 6.7 5.7 4.9 4.1 3.4 2.8 2.3 1.9 1.5 
88. 9.6 8.4 7.3 6.2 5.3 4.4 37 3.0 2.5 2.0 1.7 
87. 10.5 9.1 7.9 6.7 5.7 4.8 4.0 3.3 2.7 2.2 18 
86. 11.4 99 8.6 7.3 6.2 5.1 4.3 3.5 2.9 2.4 1.9 
85. 12.4 10.8 9.3 7.9 6.6 5.6 4.6 3.8 3.1 2.5 2.1 
84 13.5 11.7 10.1 8.5 7.2 6.0 5.0 4.1 3.3 2.7 2.2 
83. 14.7 12.7 10.9 9.2 7.8 6.5 5.4 4.4 3.6 2.9 2.4 
82. 16.0 13.8 11.8 10.0 8.4 7.0 5.8 4.7 3.9 3.2 2.6 
81. 17.4 15.0 12.8 10.8 9.1 7.5 6.2 5.1 4.2 3.4 2.7 
80. 19.0 16.3 13.9 11.7 9.8 8.1 6.7 5.5 4.5 3.6 2.9 
79. 20.6 17.7 15.1 12.7 10.6 8.8 7.2 5.9 4.8 3.9 3.2 
78. 22.5 19.2 16.3 13.7 11.4 9.5 7.8 6.4 5.2 4.2 3.4 
77 24.4 20.9 17.7 14.8 12.3 10.2 8.4 6.8 5.6 4.5 3.7 
76. 26.6 22.7 19.2 16.0 13.3 11.0 9.0 7.4 6.0 4.9 3.9 
75. 28.9 24.6 20.8 17.3 14.4 11.9 9.7 7.9 6.4 5.2 4.2 
74. 31.4 26.7 22.5 18.8 15.5 12.8 10.5 8.5 6.9 5.6 4.5 
73. 34.2 29.0 24.3 20.3 16.8 13.8 11.3 9.2 7.5 6.0 4.9 
72. 37.2 31.4 26.4 21.9 18.1 14.9 12.1 9.9 8.0 6.5 5.2 
71. 40.4 34.1 28.5 23.7 19.5 16.0 13.1 10.6 8.6 7.0 5.6 
70. 43.9 37.0 30.9 25.6 21.1 17.3 14.1 11.4 9.3 7.5 6.0 
69. 47.7 40.1 33.4 27.7 22.7 18.6 15.2 12.3 10.0 8.0 6.5 
68. 51.9 43.5 36.2 299 24.5 20.0 16.3 13.2 10.7 8.6 6.9 
67. 56.4 47.2 39.1 32.3 26.5 21.6 17.6 14.2 11.5 9.3 7.5 
66. 61.2 51.1 42.3 34.9 28.5 23.3 18.9 15.3 12.4 10.0 8.0 
65. 66.5 55.4 45.8 37.7 30.B 25.1 20.3 16.5 13.3 10.7 8.6 
64. 72.3 60.0 49.5 40.7 33.2 27.0 21.9 17.7 14.3 11.5 9.2 
63. 78.5 65.1 53.6 43.9 35.8 29.1 23.6 19.0 15.3 12.3 9.9 
62. 85.2 70.5 57.9 47.4 38.6 31.3 25.3 20.5 16.5 13.3 10.6 

6 61. 92.5 76.3 62.6 51.2 41.6 33.7 27.3 22.0 17.7 14.2 11.4 .... 60. 100.4 82.7 67.7 55.2 44.9 36.3 29.3 23.6 19.0 15.3 12.3 
w 59. 109.0 89.5 73.2 59.6 48.3 39.1 31.6 25.4 20.4 16.4 13.2 
a: 58. 118.3 97.0 79.1 64.3 52.1 42.1 33.9 27.3 22.0 17.6 14.1 
::::> 57. 128.3 105.0 85.5 69.4 56.1 45.3 36.5 29.4 23.6 18.9 15.2 
I- 56. 139.2 113.6 92.4 74.9 60.5 48.8 39.3 31.6 25.3 20.3 16.3 c( 55. 151.0 123.0 99.8 80.7 65.2 52.5 42.2 33.9 27.2 21.8 17.5 a: 
w 54. 163.8 133.1 107.8 87.1 70.2 56.5 45.4 36.4 29.2 23.4 18.8 
ll. 53. 177.7 144.0 116.5 93.9 75.6 60.8 48.8 39.2 31.4 25.1 20.1 
::E 52. 192.7 155.9 125.8 101.3 81.5 65.4 52.5 42.1 33.7 27.0 21.6 w 51. 208.9 168.6 135.8 109.2 87.7 70.4 56.4 45.2 36.2 29.0 23.2 I- 50. 226.4 182.4 146.6 117.8 94.5 75.7 60.7 48.6 38.9 31.1 24.9 w 49. 245.4 197.2 158.3 127.0 101.7 81.5 65.2 52.2 41.7 33.4 26.7 a: 48. 266.0 213.3 170.9 136.8 109.5 87.6 70.1 56.1 44.8 35.8 28.6 0 47. 288.2 230.6 184.5 147.5 117.9 94.3 75.3 60.2 48.1 38.5 30.7 0 46. 312.3 249.3 199.1 159.0 127.0 101.4 81.0 64.7 51.7 41.3 33.0 

45. 338.3 269.5 214.8 171.3 136.7 109.0 87.0 69.5 55.5 44.3 o5.4 
44. 366.4 291.3 231.8 184.6 147.1 117.3 93.5 74.6 59.6 47.5 38.0 
43. 396.9 314.8 250.1 198.9 158.3 126.1 100.5 80.2 63.9 51.0 40.7 
42. 429.8 340.1 269.7 214.2 170.4 135.6 108.0 86.1 68.7 54.8 43.7 
41. 465.3 367.5 291.0 230.8 183.3 145.8 116.1 92.5 73.7 58.8 46.9 
40. 503.7 397.0 313.8 248.6 197.3 156.8 124.7 99.3 79.1 63.1 50.3 
39. 545.3 428.8 338.4 267.7 212.2 168.5 134.0 106.6 84.9 67.7 54.0 
38. 590.1 463.1 364.9 288.3 228.3 181.2 143.9 114.5 91.2 72.6 57.9 
37. 638.6 500.2 393.4 310.5 245.6 194.7 154.6 122.9 97.8 77.9 62.1 
36. 691.0 540.0 424.1 334.3 264.2 209.3 166.1 132.0 105.0 83.6 66.6 
35. 747 5 583.1 457.2 359.9 284.2 225.0 178.4 141.7 112.7 89.7 71.5 
34 808.6 629.4 492.7 387.4 305.7 241.8 191.7 152.2 121.0 96.3 76.7 
33. 874.6 679.4 531.0 417.1 328.7 259.9 205.9 163.4 129.8 103.3 82.2 
32. 945.8 733.2 572.3 448.9 535.5 279.2 221.1 175.4 139.3 110.8 88.2 
31. 1022.7 791.3 616.6 483.1 380.1 300.1 237.5 188.3 149.5 118.9 94.6 
30. 1105.7 853.8 664.4 519.9 408.7 322.4 255.0 202.1 160.5 127.6 101.5 
29. 1195.3 921.2 715.7 559.5 439.5 346.4 273.9 217.0 172.2 136.8 108.9 
28. 1291.9 993.7 771.0 602.0 472.5 372.2 294.1 232.9 184.8 146.8 116.8 
27. 1396.3 1071.9 830.4 647.8 507.9 399.9 315.8 250.0 198.3 157.5 125.3 
26. 1508.8 1156.1 894.4 696.9 546.0 429.6 339.1 268.3 212.8 169.0 134.3 
25. 1630.2 1246.8 963.2 749.7 586.9 461.5 364.1 288.0 228.3 181.2 144.1 
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% RATED VOLTAGE 

50. 55. 60. 65. 70. 75. 60. 65. 90. 95. 100. 

100. 4.9 4.4 3.9 3.4 2.9 2.5 2.1 1.8 1.5 1.2 1.0 
99. 5.4 4.8 4.2 3.7 3.2 2.7 2.3 1.9 1.6 1.3 1.1 
98. 5.8 5.2 4.6 4.0 3.4 2.9 2.5 2.1 1.7 1.4 1.2 
97. 6.4 5.7 5.0 4.3 3.7 3.2 2.7 2.2 1.8 1.5 1.2 
96. 6.9 6.2 5.4 4.7 4.0 3.4 2.9 2.4 2.0 1.6 1.3 
95. 7.6 6.7 5.9 5.1 4.4 3.7 3.1 2.6 2.1 1.8 1.4 
94. 8.2 7.3 6.4 5.5 .4.7 4.0 3.4 2.8 2.3 1.9 1.5 
93. 9.0 7.9 6.9 6.0 5.1 4.3 3.6 3.0 2.5 2.0 1.7 
92. 9.8 8.6 7.5 6.5 5.5 4.7 3.9 3.2 2.7 2.2 1.8 
91. 10.7 9:4 8.2 7.0 6.0 5.0 4.2 3.5 2.9 2.4 1.9 
90. 11.6 10.2 8.9 ];6 6.5 5.4 4.5 3.8 3.1 2.5 2.1 
89. 12.7 11.1 9.6 8.3 7.0 5.9 4.9 4.1 3.3 2.7 2.2 
88. 13.8 12.1 10.5 8.9 7.6 6.3 5.3 4.4 3.6 2.9 2.4 
87. 15.0 13.1 11.3 9.7 8.2 6.9 5.7 4.7 3.9 3.2 2.6 
86. 16.4 14.3 12.3 10.5 8.8 7.4 6.1 5.1 4.2 3.4 2,a 
85. 17.8 15.5 13.3 1-1.4 9.6 8.0 M 5.5 4.5 3.6 3.0 
84. 19.4 16.9 14.5 12.3 10.3 8.6 7.1 5.9 4.8 3.9 3.2 
83. 21.2 18.3 15.7 13.3 11.2 9.3 7.7 6:3 5.2 4.2 3.4 
82. 23.0 19.9 17.0 14.4 12.1 10.0 8.3 6.8 5.6 4.5 3.7 
81. 25.1 21.6 18.4 15.6 13.0 10.8 8.9 7.3 6.0 4.9 3.9 
80. 27.3 23.5 20.0 16.9 14.1 11.7 9.6 7.9 6.4 5.2 4.2 
79. 29.7 25.5 21.7 18.2 15.2 12.6 10.4 8.5 6.9 5.6 4.6 
78. 32.3 27.7 23.5 l9.7 16.4 13.6 -11.2 9.2 7.5 6.1 4.9 
77. 35.1 30.1 25.4 21.3 17:8 14.7 12.l 9.9 8.0 6.5 5.3 
76. 38.2 32.6 27.6 23.1 19.2 15.8 13.0 10.6 8.6 7.0 5.6 
75. 41.6 3!ii.4 29.9 25.0 20.7 17.l 14.0 11.4 9.3 7.5 6.1 
74. 45.2 38.4 32.3 27.0 2-2.4 18.4 15.1 12.3 10.0 8.1 6.5 
n 49.2 41.7 35.0 29.2 24.1 19.8 16.2 13.2 10.7 8.7 7.0 
72. 53.5 45.2 37.9 31.5 26.0 21.4 17.5 14.2 11.5 9.3 7.5 
71. 58.1 49.1 41.0 34.l 28.1 23.0 18.8 15.3 12.4 10.0 8.1 
70. 63.2 53.2 44.4 36.8 30.3 24.B 20.3 16.4 13.3 10.8 8.7 
69. -68.7 57.7 48.1 39.8 32.7 26.8 21.8 17.7 14.3 11.6 9.3 
68. 74.6 62.6 52.0 43.0 35.3 28.8 23.5 19.0 15.4 12.4 10.0 
67. 81.1 67.8 56.3 46.4 38.1 31.1 25.3 20.5 16.5 13.3 10.7. 

6 
66. 88.1 73.5 60.9 50.2 41.1 33.5 27.2 22.0 17.8 14.3 11:5 
65. 95.7 79.7 65.9 542 44.3 36.1 29.3 23.7 19.1 15.4 12.4 ... 64. 103.9 86.4 71.3 58.5 47.8 38.8 31.5 25.5 20.5 1-6.5 13.3 

w 63. 112.9 93.6 77.1 63.2 51.5 41.8 33.9 27.4 22.1 17.7 14.3 
a: 62. 122.6 101.4 83.4 88.2 55.5 45.1 36.5 29.4 23.7 19.1 15.3 
:::> 61. 133.1 109.8 90.1 73.6 59.9 48.5 39.2 31.6 25.5 20.5 l6.4 .... 
< 60. 144.4 119.0 --97.4 79.4 64.5 52.2 42.2 34.0 27.4 22.0 17.6 
a: 59. 156.8 128.8 105.3 85.-7 69.5 56.2 45.4 36.6 29.4 23.6 18.9 
w 58. 170.1 139.5 113.8 92.5 74.9 -60.6 48.8 39.3 31.6 25.3 20.3 
IL 57. 184.6 151.0 123.0 99.8 80.8 65.2 52.5 42.2 33.9 27.2 21.8 :e 56. 200.3 163.5 132.9 107.7 87.0 70.2 56.5 45.4 36.4 29.2 23.4 w .... 55 . 217.3 176,9 143.6 116.2 93.8 75.5 60.7 48.8 39.1 31.4 25.1 

w 54. 235.7 191.5 155.1 125.3 101.0 81.3 65.3 52.4 42.0 33.7 27.0 

a: 53. 255.6 207.2 167.5 135.1 108.8 87.5 70.2 56.3 45.1 36.2 28.9 
0 52. 277.2 224.2 180.9 145.7 117.2 94.1 75.5 60.5 48.5 38.8 31.1 
0 51. 300.5 242.5 195.4 l57.1 12-6.2 101.3 81.2 65.0 52.1 '41.7 33.3 

50. 325.7 262.3 210.9 169.4 135.9 108.9 87.3 69.9 55.9 4A.7 35.8 
49. 353.1 283.7 227.7 182.6 146.3 11"7.2 93.8 75.1 60.0 48.0 38.4 
46. 382.6 .306.8 245.8 196.9 157.6 126.1 100.8 80.6 64.5 51.5 41.2 
47. 414.6 33-1.7 265.3 212.2 169.6 135.6 108.4 86.6 69.2 55.3 44.2 
46. 449.2 358.6 286.4 228.7 182.6 145.9 1~6.5 93.1 74.3 59.4 47.4 
45. 486.7 387.7 309.0 246.4 196.6 156,9 125.2 100.0 79.8 63.7 50.9 
44. 527.1 419.0 333.4 265.5 211.6 168.7 134.6 107.4 85.7 68.4 54.6 
43. 570.9 -452.8 359.7 286.j 227.7 181.4 144.6 115.3 92.0 73.4 58.6 
42. 618.2 489.3 388.0 308.2 245.1 195.1 155.4 123.8 98.8 78.8 62.9 
41. 669.4 528.7 418.5 332.0 263.7 209.7 167,0 133.0 106.0 84.5 67.4 
40. 724.6 571.1 451.4 357.6 283.-8 225.5 179.4 142.8 113.8 90] 72.4 
39. 784.4 616.9 486.8 385.1 305.3 242.4 192.7 153.4 122.2 97.4 77.6 
38. 848.9 666.3 524.9 414.7 328.5 260.6 207.1 164.7 131.1 104.5 83.3 
37. 918.6 719.5 565.9 446.6 35"3.4 280.1 222.4 176.9 140.7 112.1 89.3 
36. 994.0 776.9 610.1 480.9 380.1 301.1 239.0 189.9 151.1 120.3 95.8 
35. 1075.3 838.7 657.6 517.7 408.8 323.6 256.7 203.9 162.1 129.1 102.8 
34. 1163.2 905.4 -708.8 557.3 439.7 347.8 215.7 218.9 174.0 138.5 110.3 
33. 1258.l 977.3 763.9 599.9 472,9 373.8 296.1 235.0 186.8 148.6 118.3 
32. 1360.6 1054.'8 823.2 645.8 508.5 401.7 318.1 252.3 200.4 159.4 126.9 
31. 1471.2 1138.3 887.0 695.0 546.8 431.7 341.6 270.9 215.1 171.0 136.1 
30. 1590.6 1228.2 955.7 748.0 588.0 463.8 366.8 290.8 230.8 183.5 146.0 . 
29. 1719.4 1325.1 1029.6 804.9 632.2 498.3 394.0 312.1 247.7 196.9 156.6 
28. 1858.5 1429.5 11-09.1 866.1 679.7 535.4 423.0 335.0 265.8 211.2 168.0 
27. 2008.6 1542.0 1194.6 931.8 730.7 575.2 454.3 359.6 285.2 226.6 180.2 
26. 2170.5 1663.1 1286.6 1002.5 785.4 618.0 487.8 386.0 306.1 243.0 193.3 
25. 2345.2 1793.5 1385.5 1078.5 844.3 663.8 523.7 414.3 328.4 260.7 207.3 
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% RATED VOLTAGE 

so. SS. 60. 6S. 7b. 75. 60. 8S. 90. 9S. 100. 

105. 2.6 2.4 2.3 2.1 1.9 1.8 1.6 1.4 1.3 1.1 1.0 
104. 2.8 2.7 2.5 2.3 2.1 1.9 1.7 1.6 1.4 1.2 1.1 
103. 3.1 2.9 2.7 2.5 2.3 2.1 1.9 1.7 1.5 1.3 1.2 
102. 3.4 3.2 3.0 2.7 2.5 2.3 2.1 1.8 1.6 1.4 1.3 
101. 3.7 3.5 3.2 3.0 2.7 2.5 22 2.0 1.8 1.6 1.4 
100. 4.1 3.8 3.5 3.2 3.0 2.7 2.4 2.2 1.9 1.7 1.5 
99. 4.4 4.2 3.8 3.5 3.2 2.9 2.6 2.3 2.1 1.8 1.6 
98. 4.9 4.5 4.2 3.9 3.5 3.2 2.8 2.5 2.2 2.0 1.7 
97. 5.3 5.0 4.6 4.2 3.8 3.4 3.1 2.7 2.4 2.1 1.9 
96. 5.8 5.4 5.0 4.6 4.2 3.7 3.4 3.0 2.6 2.3 2.0 
95. 6.4 5.9 5.5 5.0 4.5 4.1 3.6 3.2 2.8 2.5 2.2 
94. 7.0 6.5 6.0 5.4 4.9 4.4 3.9 3.5 3.1 2.7 2.3 
93. 7.6 7.1 6.5 5.9 5.4 4.8 4.3 3.8 3.3 2.9 2.5 
92. 8.4 7.7 7.1 6.4 5.8 5.2 4.6 4.1 3.6 3.1 2.7 
91. 9.1 8.4 7.7 7.0 6.3 5.7 5.0 4.4 3.9 3.4 2.9 
90. 10.0 9.2 8.4 7.6 6.9 6.1 5.4 4.8 4.2 3.7 3.2 
89. 10.9 10.1 9.2 8.3 7.5 6.7 5.9 5.2 4.5 3.9 3.4 
88. 12.0 11.0 10.0 9.1 8.1 7.2 6.4 5.6 4.9 4.3 3.7 
87. 13.1 12.0 10.9 9.9 8.8 7.9 6.9 6.1 5.3 4.6 4.0 
86. 14.3 13.1 11.9 10.7 9.6 8.5 7.5 6.6 5.7 5.0 4.3 
85. 15.7 14.3 13.0 11.7 10.4 9.2 8.1 7 1 6.2 5.4 4.6 
84. 17.2 15.6 14.2 12.7 11.3 10.0 8.8 7.7 6.7 5.8 5.0 
83. 18.8 17.1 15.4 13.8 12.3 10.9 9.5 8.3 7.2 6.2 5.4 
82. 20.5 18.6 16.8 15.0 13.4 11.8 10.3 9.0 7.8 6.7 5.8 
81. 22.4 20.4 18.3 16.4 14.5 12.8 11.2 9.7 8.4 7.3 6.2 
80. 24.5 22.2 20.0 17.B 15.8 13.9 12.1 10.5 9.1 7.8 6.7 
79. 26.8 24.2 21.7 19.3 17.1 15.0 13.1 11.4 9.8 8.4 7.2 
78. 29.3 26.5 23.7 21.0 18.6 16.3 14.2 12.3 10.6 9.1 7.8 
77. 32.1 28.9 25.8 22.9 20.1 17.6 15.3 13.3 11.4 9.8 8.4 
76. 35.1 31.5 28.1 24.9 21.9 19.1 16.6 14.4 12.4 10.6 9.0 
75. 38.3 34.4 30.6 27.0 23.7 20.7 18.0 15.5 13.3 11.4 9.7 
74. 41.9 37.5 33.3 29.4 25.7 22.4 19.4 16.8 14.4 12.3 10.5 
73. 45.8 40.9 36.2 31.9 27.9 24.3 21.0 18.1 15.5 13.3 11.3 
72. 50.0 44.6 39.4 34.7 30.3 26.3 22.7 19.5 16.7 14.3 12.2 
71. 54.7 48.6 42.9 37.6 32.8 28.5 24.6 21.1 18.1 15.4 13.1 

6 70. 59.7 53.0 46.7 40.9 35.6 30.8 26.6 22.8 19.5 16.6 14.1 
~ 69. 65.3 57.8 50.8 44.4 38.6 33.4 28.7 24.6 21.0 17.9 15.2 

w 68. 71.3 63.0 55.3 48.2 41.8 36.1 31.0 2.6.6 22.7 19.3 16.4 

a: 67. 77.9 68.6 60.1 52.3 45.3 39.1 33.5 28.7 24.4 20.8 17.6 
::> 66. 85.1 74.8 65.4 56.8 49.1 42.3 36.2 30.9 26.3 22.4 18.9 
I- 65. 92.9 81.5 71.1 61.7 53.2 45.7 39.1 33.4 28.4 24.1 20.4 
c( 

64. 101.5 88.8 77.3 66.9 57.6 49.5 42.3 36.0 30.6 25.9 21.9 a: 
w 63. 110.8 96.8 84.0 72.6 62.4 53.5 45.7 38.9 33.0 27.9 23.6 
IL 62. 121.0 105.4 91.4 78.8 67.6 57.8 49.3 41.9 35.6 30.1 25.4 
:E 61. 132.2 114.8 99.3 85.4 73.2 62.6 53.3 45.2 38.3 32.4 27.3 
w 60. 144.3 125.1 107.9 92.7 79.3 67.6 57.5 48.8 41.3 34.9 29.4 
I- 59. 157.5 136.2 117.2 100.5 85.9 73.1 62.1 52.6 44.5 37.5 31.6 
w 58. 171.9 148.3 127.4 109.0 92.9 79.0 67.0 56.7 47.9 40.4 34.0 a: 57. 187.7 161.5 138.4 118.2 100.6 85.4 72.3 61.2 51.6 43.5 36.6 
0 56. 204.8 175.8 150.3 128.1 108.9 92.3 78.1 65.9 55.6 46.8 39.4 0 

55. 223.5 191.3 163.2 138.8 117.8 99.7 84.2 71.1 59.9 50.4 42.3 
54. 243.9 208.2 177.2 150.5 127.4 107.7 90.9 76.6 64.5 54.2 45.5 
53. 266.1 226.6 192.4 163.0 137.8 116.4 98.1 82.6 69.4 58.3 49.0 
52. 290.3 246.5 208.9 176.6 149.1 125.7 105.8 89.0 74.7 62.8 52.7 
51. 316.7 268.2 226.7 191.3 161.2 135.7 114.1 95.9 80.5 67.5 56.6 
50. 345.4 291.8 246.1 207.2 174.4 146.5 123.1 103.3 86.6 72.6 60.9 
49. 376.7 317.3 267.0 224.4 188.5 158.2 132.7 111.3 93.3 78.1 65.4 
48. 410.8 345.1 289.7 243.0 203.8 170.8 143.1 119.9 100.4 84.0 70.3 
47. 447.9 375.2 314.3 263.1 220.3 184.4 154.3 129.1 108.0 90.4 75.6 
46. 488.3 408.0 340.9 284.9 238.1 199.0 166.4 139.1 116.3 97.2 81.3 
45. 532.3 443.5 369.7 308.3 257.3 214.6 179.3 149.8 125.1 104.5 87.3 
44. 580.2 482.0 400.9 333.7 278.0 231.7 193.3 161.3 134.6 112.4 93.9 
43. 632.4 523.9 434.7 361.1 300.3 250.0 208.3 173.6 144.8 120.9 100.9 
42. 689.2 569.2 471.2 390.7 324.5 269.7 224.5 187.0 155.8 129.9 108.4 

41. 751.0 618.5 510.7 422.7 350.4 291.0 241.9 201.J- 167.6 139.7 116.5 
40. 818.2 671.9 553.5 457:2 378.5 313.8 260.6 216.7 180.3 150.2 125.2 
39. 891.3 729.8 599.8 4.94.5 408.7 336.5 280.6 233.2 193.9 161.4 134.5 
38. 970.9 792.6 649.9 534.8 441.3 365.0 302.4 251.0 208.6 173.5 144.5 
37. 1057.5 860.7 704.f 578.2 476.4 393.5 325.8 270.1 224.3 186.5 155.2 
36. 1151.6 934.6 762.7 625.2 514.3 424.3 350.9 290.7 241.2 200.5 166.7 
35. 1254.0 1014.6 826.0 675.8 555.1 457.4 377.9 312.8 259.4 215.4 179.1 
34. 1365.3 1101.3 894.5 730.4 599.1 493.0 406.9 336.6 278.9 231.5 192.4 
33. 1486.3 1195.3 966.5 789.4 646.4 531.4 438.1 362.1 299.9 248.8 206.7 
32. 1617.8 1297.1 1048.5 853.0 697.5 572.7 471.7 389.6 322.4 267.3 222.0 
31. 1760.7 1407.4 1135.0 921.7 752.5 617.1 507.8 419.1 346.6 287.2 238.4 
30. 1916.12 1526.8 1228.4 995.7 811.8 664.9 546.6 450.8 372.6 308.6 256.0 
29. 2084.9 1656.2 1329.4 1075.5 875.6 716.4 588.4 484.8 400.5 331.6 275.0 
28. 2268.2 1796.3 1438.4 1161.6 944.3 771.7 633.3 521.4 430-.5 356.2 295.3 
27. 2467.4 1948.0 1556.2 1254.5 1018.4 831.3 681.5 560.8 462.7 382.7 317.1 
26. 2683.8 2112.2 1683.4 1354.6 1098.1 895.'3 733.4 603.0 497.3 411.1 340.5 
25. 2918.7 2289.9 1820.B 1462.5 1183.9 964.3 789.2 648.4 534.4 441.5 365.6 
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% RATED VOLTAGE 

50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 

115. 1.4 1.4 1.3 1.3 1.3 1.2 1.2 1.1 1.1 1.0 1.0 
114. 1.5 1.5 1.5 1.4 1.4 1.3 1.3 1.2 1.2 1.1 1.1 
113. 1.7 1.6 1.6 1.6 1.5 1.5 1.4 1.4 1.3 1.2 12 
112. 1.8 1.8 1.8 1.7 1.7 1.6 1.5 1.5 1.4 1.4 1.3 
111. 2.0 2.0 1.9 1.9 1.8 1.8 1.7 1.6 1.6 1.5 1.4 
110. 2.2 2.2 21 2.0 2.0 1.9 1.9 1.8 1.7 1.6 1.5 
109. 2.4 2.4 2.3 2.2 2.2 2.1 2.0 1.9 1.9 1.8 1.7 
108. 2.7 2.6 2.5 2.5 2.4 2.3 2.2 2.1 2.0 1.9 1.8 
107. 2.9 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0 
108. 3.2 3.1 3.1 3.0 2.9 2.8 2.6 2.5 2.4 2.3 2.2 
105. 3.5 3.5 3.4 3.2 3.1 3.0 2.9 2.8 2.6 2.5 2.4 
104. 3.9 3.8 3.7 3.6 3.4 3.3 3.2 3.0 2.9 2.7 2.6 
103. 4.3 4.2 4.0 3.9 3.8 3.6 3.5 3.3 3.1 3.0 2.8 
102. 4.7 4.6 4.4 4.3 4.1 4.0 3.8 3.6 3.4 3.3 3.1 
101. 5.2 5.0 4.9 4.7 4.5 4.3 4.1 4.0 3.8 3.5 3.3 
100. 5.7 5.5 5.3 5.1 4.9 4.7 4.5 4.3 4.1 3.9 3.6 

99. 6.2 6.1 5.9 5.6 5.4 5.2 5.0 4.7 4.5 4.2 4.0 
98. 6.9 6.6 6.4 6.2 5.9 5.7 5.4 5.1 4.9 4.6 4.3 
97. 7.5 7.3 7.0 6.8 6.5 6.2 5.9 5.6 5.3 5.0 4.7 
96. 8.3 8.0 7.7 7.4 7.1 6.8 6.5 6.1 5.8 5.5 5.1 
95. 9.1 8.8 8.5 8.1 7.8 7.4 7.1 6.7 6.3 6.0 5.6 
94. 10.0 9.7 9.3 8.9 8.5 8.1 7.7 7.3 6.9 6.5 6.1 
93. 11.0 10.6 10.2 9.8 9:4 8.9 8.5 8.0 7.5 7.1 6.6 
92. 12.1 11.7 11.2 10.7 10.2 9.7 9.2 8.7 8.2 7.7 7.2 
91. 13.3 12.8 12.3 11.8 11.2 10.7 10.1 9.5 9.0 8.4 7.8 
90. 14.6 14.1 13.5 12.9 12.3 11.7 11.0 10.4 9.8 9.1 8.5 
89. 16.1 15.4 14.8 14.1 13.5 12.8 12.1 11.3 10.6 9.9 9.3 
88. 17.7 17.0 16.2 15.5 14.7 14.0 13.2 12.4 11.6 10.8 10.1 
87. 19.4 18.6 17.8 17.0 16.1 15.3 14.4 13.5 12.6 11.8 10.9 
86. 21.4 20.5 19.6 18.6 17.7 16.7 15.7 14.7 13.8 12.8 11.9 
85. 23.5 22.5 21.5 20.4 19.3 18.2 17.2 16.1 15.0 14.0 12.9 
84. 25.8 24.7 23.6 22.4 21.2 20.0 18.7 17.5 16.4 15.2 14.1 
83. 28.4 27.1 25.8 24.5 23.2 21.8 20.5 19.1 17.8 16.5 15.3 
82. 31.3 29.8 28.4 26.9 25.4 23.8 22.3 20.9 19.4 18.0 16.6 
81. 34.4 32.8 31.1 29.4 27.8 26.1 24.4 22.7 21.1 19.6 18.1 

6 80. 37.6 36.0 34.1 32.3 30.4 28.5 26.6 24.8 23.0 21.3 19.6 ,._ 79. 41.6 39.6 37.5 35.4 33.2 31.1 29.1 27.0 25.1 23.1 21.3 

w 78. 45.8 43.5 41.1 38.8 36.4 34.0 31.7 29.5 27.3 25.2 23.1 

a: 77. 50.4 47.8 45.1 42.5 39.8 37.2 34.6 32.1 29.7 27.4 25.1 

::> 76. 55.4 52.5 49.5 46.5 43.6 40.7 37.8 35.0 32.3 29.7 27.3 
.... 75. 61.0 57.7 54.3 51.0 47.7 44.4 41.2 38.2 35.2 32.3 29.6 
<( 74. 67.1 63.4 59.6 55.9 52.2 48.5 45.0 41.6 38.3 35.1 32.2 a: 
w 73. 73.9 69.7 65.4 61.2 57.1 53.0 49.1 45.3 41.7 38.2 34.9 
0.. 72. 81.4 76.6 71.8 67.1 62.4 57.9 53.5 49.3 45.3 41.5 37.9 

:ii 71. 89.6 84.2 78.8 73.5 68.3 63.3 58.4 53.7 49.3 45.1 41.1 
w 70. 98.6 92.5 86.5 80.5 74.7 69.1 63.7 58.5 53.6 49.0 44.6 .... 69. 108.6 101.7 94.9 88.2 81.7 75.5 69.5 63.7 58.3 53.2 48.4 
w 68. 119.6 111.8 104.1 96.7 89.4 82.4 75.8 69.4 63.4 57.8 52.5 
a: 67. 131.7 122.9 114.3 105.9 97.8 90.0 82.6 75.6 68.9 62.7 56.9 
0 66. 145.0 135.1 125.4 116.0 106.9 98.3 90.0 82.3 74.9 68.1 61.7 
0 65. 159.8 148.5 137.6 127.1 116.9 107.3 98.1 89.5 81.5 73.9 66.9 

84. 176.0 163.3 151.0 139.2 127.9 117.1 107.0 97.4 88.5 80.2 72.6 
63. 193.9 179.6 165.7 152.5 139.8 127.8 116.6 106.0 96.2 87.1 78.7 
62. 213.7 197.5 181.9 167.0 152.9 139.5 127.0 115.4 104.5 94.5 85.2 
61. 235.5 217.1 199.6 182.9 167.1 152.3 138.4 125.5 113.5 102.5 92.4 
60. 259.5 238.8 219.0 200.3 182.7 166.2 150.8 136.5 123.3 111.2 100.1 
59. 286.1 262.6 240.4 219.4 199.7 181.3 164.3 148.5 134.0 120.6 108.4 
58 315.4 288.9 263.8 240.3 218.3 198.7 178.9 161.5 145.5 130.8 117.5 
57. 347.8 317.7 289.5 263.1 238.6 215.8 194.8 175.6 157.9 141.9 127.2 
56. 383.5 349.5 317.7 288.1 260.7 235.4 212.2 190.9 171.5 153.8 137.8 
55. 423.0 384.5 348.7 315.5 284.9 256.8 231.0 207.5 186.1 166.7 149.2 
54. 466.6 423.0 382.7 345.5 311.3 280.0 251.5 225.5 202.0 180.7 161.5 
53. 514.8 465.5 420.0 378.3 340.1 305.4 273.8 245.1 219.2 195.9 174.8 
52. 568.1 512.2 461.0 414.2 371.6 333.0 298.0 266.4 237.9 212.2 189.2 
51. 627.0 563.6 505.9 453.5 406.0 363.0 324.3 289.4 258.1 229.9 204.8 
50. 692.1 620.3 555.2 496.5 443.4 395.7 352.8 314.4 279.9 249.1 221.6 
49. 764.1 682.7 609.4 543.5 484.3 431.3 383.9 341.5 303.6 269.8 239.7 
48. 843.8 751.5 668.8 594.9 529.0 470.1 417.6 370.9 329.3 292.2 259.3 
47. 931.9 827.2 734.1 651.3 577.7 512.3 454.3 402.7 357.0 316.4 280.5 
46. 1029.5 910.7 805.7 712.8 630.8 558.2 494.0 437.3 387.1 342.6 303.3 
45. 1137.-6 1002.7 884.3 780.2 688.7 608.2 537.2 474.7 419.6 370.9 328.0 
44. 1257.2 1104.1 970.6 853.9 751.9 662.6 584.1 515.3 454.8 401.5 354.6 
43. 1389.8 1215.8 1065.3 934.6 820.8 721.7 635.1 559.3 492.8 434.6 383.4 
42. 1536.7 1339.1 1169.2 1022.8 896.0 786.0 690.-3 608.9 534.0 470.3 414.4 
41. 1699.6 1474.9 1283.3 1119.2 978.0 856.0 750.3 658,.5 578.6 508.8 447.9 

40. 1880.2 1624.7 1408.6 1224.7 1067.3 932.0 815.4 714.4 626.7 550.5 484.0 
39. 2080.5 1790,0 1546.1 1340.0 1164.7 1014.8 .886.0 774.9 678.8 595.5 522.9 

38 2302.9 1972.2 1697.1 1466.1 1270.8 1104.7 962.6 840.5 735.2 644.1 565.0 
37. 2549.7 2173.3 1862.8 1604.0 1386.5 1202.4 1045.6 911.4 796.1 696.5 610.3 

36. 2823.9 2395.2 2044.7 1754.8 1512.6 1308.6 1135.7 988.2 861.9 753.1 659.2 
35. 3128.5 2640.1 2244.4 1919.6 1649.9 1424.1 1233.4 1071.4 933.0 814.3 712.0 

34. 3467.2 2910.4 2463.7 2099.8 1799.6 1549.5 1339.3 1161.4 1009.9 880.3 768.8 

33. 3843.8 3208.8 2704.4 2296.7 1962.6 1685.7 1454.1 1258.7 1093.0 951.5 830.1 

32 4262.8 3538.3 2968.6 2511.9 2140.2 1833.7 1578.5 1364.1 11-82.7 1028.3 896.2 
31. 4729.3 3902.3 3258.7 2747.2 2333.6 1994.5 1713.3 1478.1 1279.6 1111.2 967.4 

30. 5248.9 4304.2 3577.3 3004.3 2544., 2169.0 1859.4 1601.3 1384.3 1200.6 1044.2 

29. 5828.0 4748.4 3926.9 3285.2 2773.4 2358.5 2017.7 1734.6 1497.4 1297.1 1126.9 

28. 6473.9 5239.2 4310.9 3592.1 3023.0 2564.3 2189.1 1878.8 1619.5 1401.2 1216.1 

27. 7194.5 5781.7 4732.4 3927.5 3294.7 2787.6 2374.8 2034.6 1751.3 1513.4 1312.1 

26. 7999.2 6381.5 5195.2 4293.9 3590.5 3030.0 2575.9 2203.1 1893.7 1634.4 1415.6 

25. 8898.3 7044.8 5703.4 4694.1 3912.3 3293.0 2793.7 2385.2 2047.3 1764.9 1527.1 
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% RATED VOLTAGE 

50. 55. 60. 65. 70. 75. 80. 85. 90. 95. 100. 

110 1.4 1.4 1.4 1.3 1.3 1.2 1.2 1.2 1.1 1.1 1.0 
109. 1.6 1.5 1.5 1.5 1.4 1.4 1.3 1.3 1.2 1.1 1.1 
108 1.7 1.7 16 1.6 1.5 1 5 1.4 1.4 1.3 1.3 1.2 
107. 1.9 1.9 1.8 1.8 1.7 1.6 1.6 1.5 1.4 1.4 1.3 
106 21 20 2.0 1.9 1.9 1.8 1.7 1.6 1.6 1.5 1.4 
105 2.3 2.2 2.2 2.1 2.0 2.0 1.9 1.8 1.7 1.6 1.5 
104. 2.5 2.5 2.4 2.3 22 21 2.1 2.0 1.9 1.8 17 
103 2.8 2.7 2.6 2.5 24 23 2.2 2.1 2.0 1.9 1.8 
102. 3.0 3.0 2.9 2.8 27 2.6 2.5 2.3 2.2 2.1 2.0 
101. 3.3 3.3 3.1 3.0 2.9 28 2.7 2.6 2.4 2.3 2.2 
100. 3.7 3.6 3.5 3.3 3.2 3.1 2.9 2.8 2.7 2.5 2.4 
99 4.0 3.9 3.8 3.7 3.5 3.4 3.2 3.1 2.9 2.7 2.6 
98. 4.4 4.3 4.2 4.0 3.8 3.7 3.5 3.3 3.2 3.0 2.8 
97 4.9 4.7 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.1 
96. 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.5 3.3 
95. 5.9 5.7 5.5 5.3 5.1 4.8 4.6 4.3 4.1 3.9 3.6 
94. 6.5 6.3 6.0 5.8 5.5 5.3 5.0 4.7 4.5 4.2 3.9 
93 7.1 6.9 6.6 6.3 6.1 5.8 5.5 5.2 4.9 4.6 4.3 
92. 7.8 7.6 7.3 7.0 6.6 6.3 6.0 5.7 5.3 5.0 4.7 
91. 8.6 83 8.0 7.6 7.3 6.9 6.5 62 5.8 5.4 5.1 
90. 9.5 91 8.7 8.4 8.0 7.6 7.1 6.7 6.3 5.9 55 
89. 10.4 10.0 9.6 9.2 8.7 83 7.8 7.4 6.9 6.4 6.0 
88. 11.4 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 
87 12.6 12.1 11.6 11.0 10.5 9.9 9.3 8.8 8.2 7.6 7.1 
86 13.8 13.3 12.7 12.1 11.4 10.8 10.2 95 8.9 8.3 7.7 
85. 15.2 14.6 13.9 13.2 12.5 11.8 11.1 10.4 9.7 9.0 8.4 
84. 16.7 16.0 15.3 14.5 13.7 12.9 12.1 11.4 10.6 9.8 9.1 
83. 18.4 17.6 16.7 15.9 15.0 14.1 13.3 12.4 11.5 10.7 9.9 
82. 20.3 19.3 18.4 17.4 16.4 15.5 14.5 13.5 12.6 11.7 10.8 
81. 22.3 21.2 20.2 19.1 18.0 16.9 15.8 14.7 13.7 12.7 11.7 
80. 24.5 23.3 22.1 20.9 19.7 18.5 17.3 16.1 14.9 13.8 12.7 
79. 27.0 25.6 24.3 22.9 21.5 20.2 18.8 17.5 16.2 15.0 13.8 
78. 29.7 28.2 26.6 25.1 23.6 22.1 20.6 19.1 17.7 16.3 15.0 
77. 32.6 31.0 29.2 27.5 25.B 24.1 22.4 20.8 19.2 17.7 16.3 

6 
76. 35.9 34.0 32.1 30.2 28.2 26.3 24.5 22.7 20.9 19.3 17.7 
75. 39.5 37.4 35.2 33.0 30.9 28.8 26.7 24.7 22.8 21.0 19.2 

"-- 74. 43.5 41.1 38.6 36.2 33.8 31.5 29.2 26.9 24.8 22.8 20.8 
UJ 73. 47.9 45.1 42.4 39.7 37.0 34.4 31.8 29.4 27.0 24.7 22.6 a: 72. 52.7 49.6 46.5 43.5 40.5 37.5 34.7 32.0 29.4 26.9 24.6 ::::> ..... 71. 58.0 54.5 51.1 47.6 44.3 41.0 37.9 34.8 31.9 29.2 26.6 

"' 70. 63.9 59.9 56.0 52.2 48.4 44.8 41.3 37.9 34.7 31.7 28.9 
a: 69. 70.4 65.9 61.5 57.2 53.0 48.9 45.0 41.3 37.8 34.5 31.4 
UJ 68. 77.5 72.4 67.5 62.6 57.9 53.4 49.1 45.0 41.1 37.4 34.0 
Q. 

:I 67. 85.3 79.6 74.0 68.6 63.4 58.3 53.5 49.0 44-7 40.6 36.9 

UJ 66. 94.0 87.5 81.3 75.2 69.3 63.7 58.3 53.3 48.6 44.1 40.0 
..... 65. 103.5 96.2 89.2 82.3 75.8 69.5 63.6 58.0 52.8 47.9 43.4 

UJ 64. 114.0 105.8 97.9 90.2 82.9 75.9 69.3 63.1 57.4 52.0 47.0 
a: 63. 125.7 116.4 107.4 98.8 90.6 82.8 75.5 68.7 62.3 56.4 51.0 
0 62. 138.5 128.0 117.9 108.2 99.1 90.4 82.3 74.8 67.7 61.2 55.2 
0 61. 152.6 140.7 129.3 118.5 108.3 98.7 89.7 81.3 73.6 66.4 59.9 

60. 168.2 154.7 141.9 129.8 118.4 107.7 97.7 88.5 79.9 72.1 64.9 
59. 185.4 170.2 155.8 142.2 129.4 117.5 106.4 96.2 86.8 78.2 70.3 
58. 204.4 187.2 171.0 155.7 141.5 128.2 115.9 104.6 94.3 84.8 76.1 
57. 225.4 205.9 187.6 170.5 154.6 139.9 126.3 113.8 102.3 91.9 82.4 
56. 248.5 226.5 205.9 186.7 169.0 152.6 137.5 123.7 111.1 99.7 89.3 
55. 274.1 249.2 226.0 204.5 184.6 166.4 149.7 134.5 120.6 108.0 96.7 
54. 302.4 274.1 248.0 223.9 201.7 181.5 163.0 146.2 130.9 t17.1 104.6 
53. 333.6 301.6 272.2 245.1 220.4 197.9 177.4 158.8 142.1 126.9 113.3 
52. 368.1 331.9 298.7 268.4 240.8 215.8 193.1 172.6 154.1 137.5 122.6 
51. 406.3 365.2 327.8 293.9 263.1 235.2 210.1 187.5 167.2 149.0 132.7 
50. 448.5 402.0 359.8 321.7 287.4 256.4 228.7 203.7 181.4 161.4 143.6 
49. 495.2 442.4 394.9 352.2 313.9 279.5 248.8 221.3 196.7 174.9 155.3 
48. 546.8 487.0 433.4 385.5 342.8 304.6 270.6 240.3 213.4 189.4 168.0 
47. 603.9 536.0 475.7 422.0 374.3 332.0 294.4 261.0 231.4 205.1 181.7 
46. 667.2 590.1 522.1 461.9 406.8 361.7 320.2 283.4 250.8 222.0 196.6 
45. 737.2 649.8 573.0 505.6 446.3 394.1 348.1 307.6 271.9 240.4 212.5 
44. 814.7 715.5 628.9 553.4 487.3 429.3 378.5 333.9 294.7 260.2 229.8 
43. 900.6 787.9 690.3 605.6 531.9 467.7 411.5 362.4 319.4 281.6 248.4 
42. 995.8 867.7 757.7 662.8 580.6 509.4 447.3 393.3 346.1 304.7 268.5 
41. 1101.4 955.8 831.6 725.3 633.7 554.7 486.2 426.7 374.9 329.7 290.2 
40 1218.4 1052.9 912.8 793.6 691.6 604.0 528.4 462.9 406.1 356.7 313.6 
39. 1348.2 1159.9 1001.9 868.3 754.7 657.6 574.1 502.2 439.9 385.9 338.9 
38. 1492.3 1278.0 1099.7 950.1 823.5 715.8 623.8 544.6 476.4 417.4 366.1 
37. 1652.3 1408.4 1207.1 1039.4 898.5 779.2 677.6 590.6 515.9 451.4 395.5 
36. 1829.9 1552.1 1325.0 1137.1 980.2 848.0 736.0 640.4 558.5 488.0 427.2 
35. 2027.3 1710.8 1454.4 1243.9 1069.2 922.8 799.3 694.3 604.6 527.7 461.4 
34. 2246.8 1686.0 1596.5 1360.7 1166.2 1004.1 867.9 752.& 654.4 570.4 498.2 
33. 2490.8 2079.4 1752.5 1488.3 1271.8 1092.4 942.3 815.7 708.3 616.6 537.9 
32. 2762.4 2292.9 1923.7 1627.8 1386.9 1188.3 to22.9 884.0 766.4 666.4 580.7 
31. 3064.7 2528.7 2111.7 1780.2 1512.2 1292.4 1110.3 957.8 829.2 720.1 626.9 
30. 3401.4 2789.2 2318.1 1946.8 1648.6 1405.5 1204.9 1037.7 897.1 778.0 676.6 
29. 3776.7 30-77.0 2544.7 2128.9 1797.2 1528.4 1307.5 1124.1 970.4 840.6 730.3 
28. 4195.2 3395.1 2793.5 2327.8 1959.0 1661.7 1418.6 1217.5 1049.5 908.0 788.0 
27. 4662.1 3746.7 3066.7 2545.1 2135.0 1806.4 1538.9 1318.5 1134.9 980.7 850.3 
26. 5183.6 4135.3 3366.6 2782.5 2326.7 1963.5 1669.2 1427.7 1227.1 1059.1 917.3 
25. 5766.2 4565.2 3695.9 3041.9 2535.2 2133.9 1810.3 1545.7 1326.7 1143.7 989.6 
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Basic Differences - Composition and Structure 

The difference in properties and performance of 
ferrites as compared with other magnetic materials is 
due to the fact that the ferrites are oxide materials 
rather than metals. Ferromagnetism is derived from 

the unpaired electron spins in only a few metal atoms, 
these being Iron, Cobalt, Nickel, Manganese, and 
some rare earth elements. It is not surprising that 
the highest magnetic moments and the saturation 
magnetizations are to be found in the metals them­

selves or in alloys of these metals. The oxides, on the 
other hand, suffer from a dilution effect of the large 
oxygen ions in the crystal lattice. In addition, the 

net moment resulting from ferromagnetic alignment 
of the atomic spins is reduced because a different, less 
efficient type of exchange mechanism is operative. 
The oxygen ions do serve a useful purpose, however, 
since they insulate the metal ions and, therefore, 
greatly increase the resistivity. This property makes 
the ferrite especially useful at higher frequencies. 
The purpose of this paper is to list the various con­
siderations which enter into the choice of a material 
for a specific application and to contrast pertinent 
ferrite properties with those of bulk metal or pow­

dered metal materials. 

Material Considerations 

Magnetic and Mechanical Properties 

SATURATION MAGNETIZATION 

As mentioned previously, the highest saturation 
values are found in the metals and alloys. Thus, if 
high flux densities are required in high power appli­
cations, the bulk metals, iron, silicon-iron and cobalt­
iron are unexcelled. Since the flux in maxwells 
(/J ; BA, where B ; flux density in gauss and A ; 

cross-sectional area in cm2 , obtaining high total flux 
in materials such as ferrites or permalloy powder 
cores can be accomplished only by increasing the 
cross-sectional area. Powdered iron has a fairly high 
saturation value, but exhibits low permeabilities. 

CURIE TEMPERA TURES 

All magnetic materials lose their ferromagnetism at 
the Curie temperature. One overriding consideration 
for a magnetic material is that the Curie point of the 
material be well above the proposed operating tem­
peratures. Table 1 lists the Curie Temperatures of the 
various materials. The Curie point depends only on 
composition and not on geometry. Even though 
some of the magnetic materials shown can be used at 
higher operating temperatures than others, very often 

the temperature limitations of the accessory items 

(wire insulation, potting or damping compound) can 

be more important; in this case,no practical advantage 
may be gained by the higher Curie point materials. 

MAGNETIC LOSSES 

The magnetic losses in an A.C. application can be 
represented by the familiar Legg equation: 

Rm; µfL(ef + aBm + c) 

where: R ; m total core loss in ohms 
eddy current coefficient 
hysteresis coefficient 

c residual loss coefficient 
µ magnetic permeability 
f frequency in hertz 

L inductance in 'henries 

Bm maximum flux density in gausses 

Eddy current losses will increase quite rapidly with 
frequency. In bulk metals, these high frequency 
losses can be reduced by reducing the thickness of the 
material perpendicular to the flux flow. This is 
accomplished by using thin gage tapes or laminations 
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-OT by powdering and insulating the particles. In 
ferrites, the same result is obtained by increasing the 
resistivity by many orders of magnitude. Thus, at the 
highest operating frequencies where further particle 
reduction is impractical, ferrites are the only available 
materials. 

The hysteresis losses are proportional to the flux 
density and can be depicted as the area inside the 
hysteresis loop. High hysteresis losses are accom­
panied by the presence of unwanted harmonics. The 
nickel - iron (permalloy) alloys have low hysteresis 
losses and a great asset to the permalloy powder core 
is that these low losses are maintained with the 
accompanying reduction in eddy current losses. 

The residual losses are not too well understood 
and perhaps represent an expression of our ignorance 
of the system. They apparently are tied in partially 
to absorption of energy from the system by gyro­
magnetic resonance. 

A listing of the various losses in the materials 
under consideration is given in Table 1. 

PERMEABILITY 

Permeability is a function of composition and 
processing. The highest initial permeabilities (those 
measured at very low flux levels) are found in the 
nickel-iron alloys, particularly in supermalloy where 
the value is about I 00,000. Powdere,d iron cores have 
low permeabilities (I 0-100) while permalloy powder 
cores are somewhat higher (15-550). Ferrites can be 
made over a wide range of permeabilities. The linear 
filter type permeabilities vary from 100-2000, while 
those used in power applications range from 3000-
15,000. As the operating frequency increases, ferrites 
with lower permeabilities are used because these have 
distinctly lower losses in these regions. The permea­
bilities for a variety of materials are listed in Table I. 

FIGURE OF MERIT 

A useful figure of merit for linear core materials is 
the µQ product. Values of this factor are tabulated 
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in Table I. At frequencies of 100 KHz and above, 
the value for ferrites is considerably above all other 
materials. 

SQUARENESS 

The squareness ratio is defined as the ratio of Br to 
Bm and is especially important in memory work and 
switching core applications. Magnesium-manganese 
ferrites can be produced with extremely high square­
ness ratios. While some metal tape and bobbin cores 
possess similar high ratios, their higher cost and 
difficulty in miniaturization make the ferrites the 
material of choice in large scale memory applications. 
Thin film memories may be considered bulk metals 
and may become increasingly important but at 
present, literally billions of small ferrite memory 
cores are being produced. The importance of this 
phase is emphasized by the fact that the market 
value for computer magnetics is now equal in dollars 
to that of the power materials market. 

BRITTLENESS 

One drawback to the ferrite core as compared 
with metal cores is its brittleness. Being ceramic in 
nature, care must be exercised in the handling of 
these cores. Powder cores are also somewhat brittle 
and similar precautions are required. Although metal 
tape cores are not brittle, they nevertheless are 
sensitive to strain and mechanical shock, especially in 
the high permeability materials. Consequently, tape 
wound cores are often embedded in a damping 
compound which prevents the transfer of strain or 
shock to the cores. 

HARDNESS 

Ferrites are very hard materia!S as compared with 
the other materials under consideration. This proper­
ty is especially useful in applications in which wear is 
a factor. Conseque11tly, ferrite material is bein_g used 
extensively in magnetic recorder head applications. 
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Geometry Considerations 

FORMABILITY 

The three types of materials - bulk metal,powdered 
metal and ferrite - are produced by widely varying 
techniques and consequently the available geometries 
also vary. 

Bulk metals - These are produced mostly by stand­
ard metallurgical processes involving melting fol­
lowed by hot and cold rolling. The sheet material 
produced is either slit and wound into tape or 
bobbin cores or punched into laminations. Photo­
etching, a new method of forming small complex 
parts, avoids costly tooling, and produces stress­
free parts. 

Powdered Iron and permalloy - These materials are 
always die-pressed into toroids or slugs, moly­
permalloy usually in toroids and powdered iron 
into slugs. 

Ferrites - Because ferrites are produced by a 
ceramic technique, they can be made in a large 
number of shapes. Unlike the bulk metals, they 
can be molded directly, and unlike the powdered 
permalloy, they can be machined and ground to 
close tolerances after firing. Various forming 
processes for ferrites include die pressing,extrusion, 
hydrostatic pressing and hot pressing. The avail­
able shapes include toroids, E-I cores, U-I cores, 
pot cores, rods, tubes, beads and blocks. 

TUN ABILITY 

An exact inductance is required in certain L-C 
circuits. If the shape of the inductor is toroidal, the 
inductance can be trimmed only by the addition or 
removal of turns, a time consuming and costly 
procedure. If a ferrite pot core is used, the tuning 
can be accomplished by means of a screw-type 
trimmer core which changes the effective air gap of 
the core. Threaded rods of powdered iron or 
ferrite materials are used extensively as tuning ele­
ments in slug tuned inductors. 

WINDING CONSIDERATIONS 

Winding turns on a toroid involves specialized 
equipment and the process involves winding each 
core separately in a relatively time consuming opera­
tion. The bobbins used in ferrite pot cores can be 
wound many at a time on a rather simple machine. 
This ease of winding constitutes an important advan­
tage for ferrite pot cores. 

MAGNETIC SHIELDING 

If magnetic components are relatively close in a 
circuit, the fields produced by one component may 
effect the performance of other cores. One solution 
is to increase the space between components. This 
increases the overall size of the system. Another is to 
use a magnetic shield which increases weight and 
size. A ferrite pot core is inherently self-shielding by 
nature of the enclosed magnetic circuit. 
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Inductance Stability Considerations 

TEMPERATURE STABILITY 

In telecommunications circuitry (tuned L-{: filters), 

the maintenance of a near-constant inductance as a 
function of temperature and time is most critical. 

One method of achieving this stability is by the in­
sertion of an air gap. The gap may be distributed as 

in powder cores or localized as in gapped ferrite pot 
cores. Gapping also results in a reduction in the 

effective permeability but often this is not a serious 

limitation. In gapped ferrite cores, the temperature 

coefficient (T.C.) can be linear to match a capacitor 

with an equal but opposite T.C. (polystyrene) or 

relatively flat if a flat T.C. capacitor (silver-mica) is 
used. 

T.C. = - ~"'-­
LAT 

whef'e 6 L and ~ T are corresponding changes in !nductance and 
temperature and L is inductance at a standard temperature. 

Figure l illustrates the temperature characteristics 
of several ferrite materials. 

Figure 1 
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As pointed out, the use of an air gap greatly 

increases the temperature stability. The powder core 

toroid and ferrite pot core are thus used to good ad­
vantage. In the powder core, the T.C. is built into the 

toroid whereas in the pot core, the T.C. can be varied 

by changing the gap. However, in the latter, the 

effective permeability and therefore the inductance of 

the core is changed. By choice of the proper size 

core with the proper gap, the optimum inductance 

and T. C. can be obtained. 

PERMEABILITY VS. A. C. FLUX DENSITY 

It is often desirable to have a minimum change in 

permeability with A. C. excitation. Here again, the air 

gap in either permalloy powder cores or ferrites can 
be used to advantage. Figures 2, 3 and 4 show the 

relative change in inductance for a ferrite toroid, 

ferrite pot core, and permalloy powder toroid. 

RELATIVE CHANGE OF INDUCTANCE WITH A. C. FLUX LEVEL 

FOR TOROIDS AND POT CORES 

Figure 2 
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PERMEABILITY VS. D. C. BIAS 
Often an A. C. circuit has a superimposed D. C. 

bias condition. Minimum variation of permeability 
with D. C. is desirable. Powder cores are especially 

Appendix H 

resistant to these changes. Figure 5 shows typical 
variations of µ with D. C. bias for permalloy powder 
toroids. Gapped ferrite pot cores show a similar 
effect, shown in Figure 6. 

Figure 5 
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PERMEABILITY VS. TIME 
In most magnetic materials there is a slight decrease 

in permeability with time after the material is de­
magnetized or after it is first produced. This effect is 
known as disaccommodation. In non-linear applica­
tions this effect is not too important. However, in 
low flux level circuits where a constant inductance is 
required, the effect must be considered. The effect 
is pronounced in low permeability materials and is 
negligible for high permeability materials. However, 

the effect can be minimized greatly by reduction of 
the effective permeability by insertion of an air gap. 
Thus in powder cores, the change of permeability due 
to this effect is less than .1 %. In ferrite pot cores, 
the localized gap reduces the effect 'i'n proportion to 
the effective permeability compared with the toroidal 
permeability. Since the effect is logarithmic, mos't of 
the decrease occurs in the first few days after firing. 
If some aging of the cores occurs before usage, the 
change of inductance due to time will be negligible. 
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Application Considerations 

Ferrite Advantages and Disadvantages 

APPLICATION 

Low Frequency ( < 1 KHz) 

High Flux Applications 

Generators 

Motors 

Power Transformers 

Medium Frequency (1-100 KHz) 

Non-Linear High Flux Applications 

Flyback Transformers 

Deflection Yokes 

Inverters 

Wide Band Transformers 

Recording Heads 

Pulse Transformers 

Memory Cores 

Medium Frequency (1-100 KHz) 

Low Flux, Linear Applications 

Loading Coils 

Filter Cores 

Tuned Inductors 

Wide Band Transformers 

Antenna Rods 

Higher Frequencies (>200 KHz) 

Low Flux, Linear Applications 

Filters 

Inductors 

Tuning Slugs 

ADVANTAGES 

• Ease of forming shapes allows possible use in 

inexpensive, high loss applications such as relays, 

small motors 

• Cost much lower than Nickel-Iron alloys, 

especially thin tapes 

• Moderately high permeabilities available 

• Low tosses, especially in upper half of this range 

• Inherent shielding in pot cores 

• Good wear resistance 

• Easily adapted to mass production 

• Permeabilities higher than powdered iron or 

Permalloy cores 

• Gapped pot cores provide: 

1. Adjustability 

2. Stability - temperature, time, 

A. C. flux density, D. C. bias 

3. Self-shielding 

• µa Products higher than other materials 

• Wide choice of Inductance and Temperature 

Coefficient 

• Low losses (especially eddy current) 

• Only Ferrites and powdered iron can operate 

at higher frequencies 

• Medium frequency advantages apply 

Microwave Frequencies (>500 MHz) • Low dielectric losses 

• Good gyromagnetic properties 

• Only bulk material available 

DISADVANTAGES 

• Flux density low 

• Relative cost high 

• Limited size of parts 

• Flux density lower than Nickel-Iron 

alloys 

• Permeabilities lower than Nickel-Iron 

al toys 

• Curie Temperature fairly low 

• Good mating surface necessary for 

high inductance 

• Smaller flux change than bobbin cores 

• Low Curie point 

• Need precision grinding of air gap 

• Brittleness 

• Mounting hardware needed 

• Permeability decreases with frequency 

• Medium frequency disadvantages apply 

• Poor heat transfer 
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TABLE H .1 Properties of Soft Magnetic Materials 

Initial Perm. 8 max 
Loss Coefficients 

MATERIAL 
µo Kilogausses 

ex 106 ax 103 c x 103 

Fe 250 22 

Si-Fe (unoriented) 400 20 870 120 75 

Si-Fe (oriented) 1500 20 

50-50 Ni Fe(grain-oriented) 2000 16 

79 Permalloy 12,000 8 173 

to to 

100,000 11 

Permalloy powder 14 3 .01 .002 .05 

to to to 

550 .04 .1 

Iron powder 5 10 .002 .002 .2 

to to to to 

80 .04 .4 1.4 

Ferrite-MnZn 750 3 .001 .002 .01 

to to 

15,000 5 

Ferrite-Ni Zn 10 3 

to to 

1500 5 

Co-Fe 50% 800 24 
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TABLE H .1 (Continued) 

Curie µ 0 a at 
MATERIAL Temperature Resistivity Operating 

oc (ohm-cm) 100 KHz Frequencies 

Fe 770 1ox10·6 60 - 1000 Hz 

Si-Fe (unoriented) 740 50x10·6 60 - 1000 Hz 

Si-Fe (oriented) 740 50x10·6 60 - 1000 Hz 

50-50 Ni Fe (grain-oriented) 360 40x10·6 60 - 1000 Hz 

79 Permalloy 450 55x10·6 8000 1 KHz - 75 KHz 

to 

12,000 

Permalloy powder 450 1. 10,000 10 KHz - 200 KHz 

Iron powder 770 104 2000 100 KHz - 100 MHz 

to 

30,000 

Ferrite-MnZn 100 10 100,000 10 KHz- 2MHz 

to to to 

300 100 500,000 

Ferrite-Ni Zn 150 106 30,000 200 KHz - 100 MHz 

to 

450 

Co-Fe 50% 980 70x10·6 
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A 

Ac 

Ap 

At 

Aw 

Aw(B) 

Ai, A2 

B 

B 

Bae 

Bdc 

B1 

B2 

c 

C1 

C2 

D 

DH 

open - loop voltage gain 

effective core area (cm 2) 

area product (cm4) 

total surface area of magnetic component (cm2) 

wire area (cm 2) 

bare wire area (cm 2) 

N x N square matrix 

flux density (tesla or webers/m2) 

n -element column vector matrix 

alternating current flux density (tesla) 

direct current flux density (tesla) 

L x M matrix 

L x M matrix 

output filter capacitor (farads) 

L x N matrix 

L x N matrix 

steady-state ON time duty ratio == ToN IT 

maximum steady-state ON time duty ratio 
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DL 

D 
m 

Do 

Di 

D2 

d 

d 

do 

esl 

esr 

f 

F 

f, fs 

G 

Gm 

GmH 

GmL 

H 

He{S) 

Hi{s) 

I 

Ii 

Io 

Ip 

ls 

J 

List of Symbols 

minimum steady-state ON time duty ratio 

optimum duty ratio for a given rL to obtain maximum 
de gain 

steady-state "off" time duty ratio, continuous conduc­
tion mode = 1 - D 

steady-state OFF time duty ratio for discontinuous 
conduction mode 

steady-state dwell time duty ratio 

dynamic ON time duty ratio = D + d 

duty ratio perturbation 

dynamic OFF time duty ratio = D0 - d 
equivalent series inductance (henrys) 

equivalent series resistance (of output filter capacitor) 
{S"l) 

frequency (Hz) 

fringing flux factor 

converter switching frequency (Hz) 

coil length, window height (cm) 

gain margin (dB) 

gain margin for high duty ratio, DH (dB) 

gain margin for low duty ratio, DL (dB) 

magnetizing force (amp turns/cm) 

effective output filter transfer function 

input filter transfer function 

unit matrix or identity matrix 

current (A) 

input current (A) 

output current (A) 

primary winding current (A) 

secondary winding current (A) 

current density (A/cm2) 
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K constant 

Ke electrical constant coefficient 

Kg core geometry coefficient 

Kj current density coefficient 

Ku window utilization factor 

L inductance (henry) 

lg gap length (cm) 

lm magnetic path length (cm) 

Mc control modulation function 

Mi pulse width modulator input port to output port trans­
fer function 

MLT mean length turn (cm) 

N number, turns ratio, number of turns 

n number, turns ratio 

nC output filter damping capacitor n x C (farads) 

Np number of primary turns 

N s number of secondary turns 

Pcu copper loss (watts) 

Pfe core loss (watts) 

Pi input power (watts) 

P0 output power (watts) 

Pt apparent power (watts, volt-amp) 

Pi:; total loss (core and copper) (watts) 

Q quality factor of inductor or tuned circuit 

R load resistance (~) 

Rp primary winding resistance (rl) 

Rs secondary winding resistance (rl) 

r output filter damping resistor (rl) 

rL inductor loss equivalent resistance (rl) 
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s 1 =(conductor area)/(wire area), where conductor 
area = copper area, wire area = copper area + insula­
tion area 

s 

T(s) 

VA 

Vol 

Vole 

Volg 

Wa 

W a(eff) 

= (wound area) /(usable window area), where wound 
area = number of turns x wire area of one turn 

= (usable window area) /(window area), where usable 
window area equals available window area minus un­
used area due to winding technique, and window area = 
available window area 

= (usable window area) /(usable window area+ insula­
tion area) 

complex frequency variable s = a+ jw 

loop gain (dB ) 

period of converter switching frequency (sec) = DT s + 
D0 Ts for continuous conduction mode, = DTs + D1Ts + 
D zT s for discontinuous conduction mode 

volt- amperes 

steady-state control voltage (volts) 

diode forward voltage drop (volts) 

steady-state line input voltage (volts) 

steady-state output voltage (volts) 
A 

dynamic control voltage = V c + v c (volts) 

control voltage perturbation (volts) 

dynamic line input voltage (volts) 

line input voltage perturbation (volts) 

dynamic output voltage = V 0 + v0 (volts) 

output voltage perturbation (volts) 

volume (cm3) 

core volume (cm3) 

gap volume (cm 3) 

window area (cm2) 

effective window area (cm2) 
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x 

x . 
A 

x 

y 

n 

(J 

'Pd 

'Pg 

'Pm 

'PmH 

'PmL 

w 

a= b 

a>b 

a>> b 

core weight (g) 

steady-state value of x 

reactance of capacitor C (rl) 

reactance of inductor L (f."2) 

state vector, dimension N 

differential of state vector 

perturbed differential of state vector x 

output vector, dimension L 

regulation constant 

feedback network transfer coefficient 

damping ratio, also used in a different context as 
resistance temperature correction factor 

efficiency 
-7 

permeability of free space = 41f x 10 henrys/m 

relative permeability of core 

product of µ r and µ0 

effective permeability 

resistivity (!1-cm) 

real part of complex frequency variable, s (nepers) 

total flux (weber) 

maximum phase lead (deg) 

maximum phase lag (deg) 

phase margin (deg) 

phase margin at high duty ratio (deg) 

phase margin at low duty ratio (deg) 

angular frequency, imaginary part of complex frequency 
variable, s (rad) 

a is approximately equal to b 

a is greater than b 

a is very much greater than b 
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a< b 

a<< b 

a= b 

a if. b 

r//R 

a is smaller than b 

a is very much smaller than b 

a is identical to b 

a is not equal to b 

r in parallel with R 

List of Symbols 
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