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ABSTRACT 

This project addresses the key factors in the design of a power-processing unit for 

electric space propulsion, which are size, weight and efficiency. Size and weight are key 

factors due to the cost of shipping an electronic device into orbit, which is many orders of 

magnitude greater than the cost of the power supply and is directly related to the size and 

weight of the object. Two different topologies are constructed comparing the advantage 

of the low number of components in a forward converter versus the robustness of a two-

stage buck fed push-pull converter. Critical importance is given to the largest and 

heaviest component of either design, the transformer. Efficiency is a key factor because 

heat is not dissipated well in a vacuum. The lower the efficiency the more power is 

dissipated in individual components in the form of heat. Measures must be taken to limit 

the amount of power loss in the components and to transfer and dissipate the unwanted 

heat. Thus the power processing units are designed to be highly efficient. These factors 

are addressed in the design of a 5 00-watt power supply with an average input voltage of 

28 volts and an output voltage of 1500 volts. 
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CHAPTER I 

INTRODUCTION 

The project discusses the development of a power-processing unit for electric 

space propulsion. High voltage power supplies can be used for many applications in 

space, with this project focusing on applications for high voltage space propulsion units 

such as a pulse plasma thruster. The specifications for the power supply are listed below: 

• Minimum Input Voltage = 24 volts ; 

• Maximum Input Voltage = 32 volts; 

• Output Power = 500 watts; 

• Output voltage = 1000 volts; 

• Band Width =100 Hz. 

The design criteria for a power supply rated for space is very different from the 

design criteria for a typical laboratory power supply. These differences arise from the 

cost of shipping electronic components into orbit and the difference in the environment of 

operations. Due to these reasons more emphasis is placed on minimizing the size, weight 

and power losses of the power supply. Each of these criteria is addressed when making 

the design decisions for this project. 

The cost of shipping a power supply into orbit is many orders of magnitude 

greater than the cost of the power supply. With the cost of shipping directly proportional 

to the size and weight of the power supply, design constraints are implemented to 

minimize these attributes of the power supply. 



The first design decision that is impacted by the size constraint is the choice of the 

power supply topology. The choice of topologies must be made with consideration given 

to the number of components required. However, a tradeoff between number of 

components and robustness can be made in order to decrease the probability of 

catastrophic failure. Therefore the design of a forward converter, which requires a 

minimum number of components, and a dual stage buck fed push-pull converter, which is 

extremely robust, are offered for comparative studies. 

The second decision affected occurs when the size constraint is applied on an 

individual component basis. This project will focus closely on the design of the 

transformer. The transformer has a larger footprint and out weighs all other components 

of the power supply. Minimizing power losses in the transformer must also be considered 

when the design of the transformer is implemented as is discussed later. 

The result of operating a power supply in space rather than in earth's atmosphere 

is that the ambient atmosphere in space cannot dissipate energy, in the form of heat. The 

energy that must be dissipated is the power loss in components. In earth's atmosphere, 

transferring energy from the component to the atoms and molecules in the air dissipates 

heat. However, the vacuum of space lacks particles to transfer the energy away from the 

components. Therefore a second constraint must be placed on the amount of heat that can 

be generated by the power supply, which effectively equates to minimizing power losses 

in all components and increasing efficiency. 

The constraint of minimizing power losses is applied to each individual 

component. An extensive search is undertaken to identify components that has the lowest 

on resistance or in series resistance, effectively minimizing its power loss, but still meets 



the design specifications. For the transformer, a trade off must be made between 

minimizing the power losses and minimizing the size of the transformer. 

All power supplies have some amount of power loss, energy that must be 

dissipated. If the energy is not transferred away form the component, the probability of 

catastrophic failures due to heat, such as thermal run away, increases. In order to insure 

the robustness of the power supply steps must be taken in order to transfer the energy 

away from the component where is can be dissipated. 

This project begins with the preliminary design of a 100-watt forward converter 

and dual stage buck fed push-pull converter that meet all other design specifications of 

this project. There are two reasons for this approach in the preliminary design. The first 

reason is designing two separate topologies allows for a comparative study to be held 

between the minimizing the number of components and increasing the robustness of the 

power supply. The second reason is that lowering the power simplifies the design 

procedure by relaxing some of the specifications but still allows identification of the 

components that dissipate the most energy. With this information, time can be more 

effectively dedicated to reducing the amount of power loss in the most dissipative 

components during the final design. This action effectively helps meet the second 

constraint of minimizing the amount of power loss in the power supply. 

With the information gathered from the preliminary designs, it is shown that a 

dual stage buck fed push-pull converter better suited to meet the design criteria presented 

for this project. The design constraints are once again examined and met with one 

addition. Once the power loss is minimized, the remaining energy due to power loss in 



the components must be dissipated. A combination of high side drive heat sinks and 

HeatPipe are discussed and implemented to dissipate the energy. 

This paper project concludes with a discussion of the constraints identified and 

the measures taken to minimize the size, weight and power loss during the design of an 

isolated high voltage power supply. 



CHAPTER II 

DEVELOPMENT OF FORWARD CONVERTER 

The development of the forward converter was selected due to the small number 

of components used in its design. Of particular interest is the number of transistors used 

in its design, one. The transformer, as seen in Figure 2.1, isolates the output of the 

converter. The transformer has three windings. The primary side consists of two 

windings and the secondary side contains one winding. The second winding, denoted in 

Fig. 2.1 by n2, is used to reset the core of the transformer each switching cycle. The core 

is reset when the transistor Ml is in the off state [2]. 

Analysis by Subinterval 

The manner in which the core is reset can be analyzed by replacing the 

transformer with its equivalent circuit as shown in Figure 2.2. The Forward converter 

operates in three distinct subintervals during each switching cycle, which lasts for a time 

duration of Ts[4]. 

Forward Subinterval 1 

During subinterval 1, which lasts for a duration of Ton, transistor Ml conducts 

(on). Voltage VI is applied to the transformers primary windings. The induced voltage in 

the primary winding, denoted by the number of turns nl in Figure 2.3, creates a 

magnetizing current in the transformer. 

5 



(2.1) 

(2.2) 

The induced voltage in the magnetizing winding, denoted by the number of turns n2 in 

Figure 2.3, reverse biases diode Dl. The voltage, V3, across the secondary winding, 

denoted by the number of turns n3 in Figure 2.3, is a product of the turns ratio and the 

input voltage. 

n3 
• V I 

(2.3) 

The voltage across the inductor LI is then the difference in the V3 and V. During The 

analysis we make use of the small-ripple approximation. The small ripple approximation 

states that a voltage can be approximated by its DC component if the magnitude ripple 

voltage is much smaller than its DC component[l]. 
n1 ; n2 n3 

V3=--V1 
nl 

Figure 2.2 Forward converter circuit with equivalent circuit model for transformer. 
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Figure 2.3 Forward converter equivalent circuit for subinterval 1 



The voltage across the inductor LI is then the difference in the V3 and V. During The 

analysis we make use of the small-ripple approximation. The small ripple approximation 

states that a voltage can be approximated by its DC component if the magnitude ripple 

voltage is much smaller than its DC component. 

VLr^.vi-v 

"̂  (2.4) 

The voltage across the secondary winding Forward biases D2 and reverse biases D3. 

This leads to the equivalent circuit in Figure 2.3. 

Forward Subinterval 2 

During subinterval 2, which last for a time duration of Tm, transistor Ml does not 

conduct (off). At the beginning of subinterval 2 the magnetizing current is positive and 

must continue to flow through the magnetizing inductance LM- Since Ml is off the 

magnetizing current must flow back through the primary winding. The current flow 

causes nl*iM ampere turns to flow out of the polarity mark of the primary winding [1 ]. 

The current in the primary winding, i'l̂  then becomes negative. 

i ' l=-nlij^amperetums /o ^\ 
yZ.J ) 

The current through the primary winding forces an equal number of ampere turns to flow 

into the polarity marks of the other two windings. Diode D2 is reverse biased and does 

not allow current to flow into the polarity mark of the secondary winding. Thus, the 

current must flow into the polarity mark of the magnetizing winding forward biasing Dl. 

- n l i •amperetums=-n2i2amperetums 

(2.6) 

(2.7) 

nl . 
»2=—'m n2 (2.8) 

The voltage across the magnetizing winding, V2, is VI. The voltage across the 

magnetizing inductance can then be derived. 

nl n2 (2.9) 



V j = - V l - — 

"2 (2.10) 

Because the voltage across the magnefizing inductance is now negative, the magnetizing 

current, IM, and the current in the primary winding, i' i, decreases with a slope of 

-Vg*nl/n2. As stated diode D2 is reverse biased so Diode D3 must be forward biased to 

conduct the current of inductor LI. This leads to the equivalent circuit in Figure 2.4[1J. 

The voltage across the inductor LI is then equal to the output voltage[2]. 
V L I = - V 

^^ (2.11) 

VI 

nl 
• 
• 

n2 

' " T , - T " , 1 -
LM •' v̂  IJ J -

n3 

* 

) 
: ;v3 

! 1 "1 * 1 -
T'3 

• '1 ^ , 2 = . , ^ n 1 / n 2 

Ml D1 
off on 

D2 
off 

D3 
on 

* 

LI 

'D3 CI R1 
I 

Figure 2.4 Forward converter equivalent circuit for subinterval 2. 

Forward Subinterval 3 

When the magnetizing current IM becomes zero. Diode Dl no longer conducts. At 

this time Diode Dl and D2 are not conducting and Ml is still off. This begins subinterval 

three which lasts until the transistor Ml is turned on and subinterval 1 begins again. 

During this interval the voltage across vi is zero. This leads to the equivalent circuit in 

Figure 2.5. 
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Figure 2.5 Forward converter equivalent circuit for subinterval 3. 

Forward Voltage and Current Transfer Function 

Voltage Transfer Function 

An equation for the output voltage in terms of the input voltage can be derived 

from the using the principle of inductor volt-second balance on inductor LI. The 

principle states that the net volt-seconds applied to an inductor must be equal to zero 

while operating in steady state[l ]. The analysis is accomplished by equating the integral 

of the inductor over one switching cycle to zero and solving for the output voltage [2]. 

Again the small ripple approximation is used to approximate the output voltage. 

0 

•ton 

0 

• t .„ 

VLidt=0 

VLidt + 

« 

•Ts 

on 

(2.12) 

VLidt=0 

(2.13) 

on 
—-Vl-V!dt- | -
nl 

0 

Ts 

on 

-Vdt=0 

\teJli.DVl 

(2.14) 

(2.15) 

Where Ts is the one fiill cycle, ton is equal to Ton, the time duration that the switch is on 

and D is the duty cycle of the forward converter. 

file:///teJli.DVl


T 
D=- on 

T (2.16) 

Current Transfer Function 

Again using the small ripple approximation for the current, an average value for 

the output is easily obtained by dividing the output voltage by the load resistance. 

. . V 
'3= 'Lr— 

J L I 

• L I -

i ^DVl 
nl 

Rl 

Figure 2.6 shows wave forms for a typical Forward converter. 

(2.17) 

(2.18) 

Figure 2.6 Forward converter waveforms. 
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Limitations of Duty Cycle 

Limitations as to the maximum duty cycle can be found by again using the 

principle of inductor volt-second balance technique on the magnetizing inductance LM[2]. 

V ,dt=o 

0 

•t 

Jo 

(2.19) 

on 
V jdt-h 

'tm 

on 

V jdt-i-

•T 

Odt=0 

/ m 
(2.20) 

•t =T on ' o n 

0 
Vldt-h 

•t 
m 

viilidt=o 
n2 

ii o n 

Vl-T - Vl-ill-.t -|-Vl.ili.t =0 on o m^ ^ ' ^ "̂  on " 
n2 n2 

VIT on 
, , , nl 
V l - t m - t o n 

n2 
=0 

(2.21) 

(2.22) 

(2.23) 

where tm-ton is the time duration of the magnetizing voltage across LM, Tm. 

T - ^ T =0 
on - m 

n2 
T 

ni=Di^ 
Ts nl 

(2.24) 

(2.25) 

Recognizing that at a maximum duty cycle there is no subinterval 3, it can be determined 

thatTJTs=l-D„,ax[2]. 

~ max" max~r nl (2.26) 

max" 
1 

nl (2.27) 

Output Current and Voltage Ripple 

Choosing values for the inductor LI and capacitor CI can be derived from the 

current and voltage ripple of the output equations. Equations for the output current and 
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voltage ripple can be derived in terms of L and C respectively. This allows the designer 

to base the decision of the size of the component on specifications for maximum ripple. 

Current in the inductor must also be monitored to insure that the current ripple is less than 

the average value of the current. This will ensure that converter operates in continuous 

current, continuous conduction, mode as opposed to discontinuous conduction mode. 

Discontinuous conduction mode occurs when the output current flowing through the 

inductor reaches zero for any length of time. 

Current Ripple 

Analysis of the voltage of LI can be used to derive the current ripple. 

- l i d • VT i = L l — 1 
dt (2.28) 

The equation for the change in current for subinterval 1 can be found in terms of the input 

and output voltage, where n3/nl *V is the input voltage reflected to the secondary side. 

V 
i^.Vl-V 

d_._'^Ll_nl 

dt LI LI (2.29) 

The equation for the change in current for subinterval 2 and 3 is found in terms of only 

the output voltage. 

d_._'^Ll_-V 

dt LI LI (2.30) 

The inductor current at the beginning of subinterval one begins at some initial current 

iLi(O). The current then increase to a maximum value iLi(DTs) with the slope in Equation 

2.29. During subintervals two and three, the current then decreases with the slope in 

Equation 2.30 iLi(Ts). Realizing that this analysis is done on steady state operating 

conditions, iLi(O) equals iLi(Ts).[l] 

From Figure 2.7, it can be seen that AILI is the current change from the DC 

current to the peak current and 2*AiLi is the peak-to-peak ripple. The peak-to-peak ripple 

can then be found by multiplying the slope and the time duration of subinterval. In this 

analysis, subinterval one is used. 
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2AiLj= 

i ^ V l - V 
nl 

•DT, 

AiLr-
nl 

•DT 
2L1 

The value for LI can then be found in terms of Aiti. 

n3 
•VI -V 

Ll= 
nl 

•DT 
2 ^ A : LI 

'"1 

. (0) 
LI 

0 

k 

4-V I - V 
nl 

LI 

DTs 

LI 

Ts 

^'LI 

t 

Figure 2.7 Inductor current waveform. 

(2.31) 

(2.32) 

(2.33) 

Continuous Conduction Mode 

The converter operates in continuous conduction mode when the average current 

is greater than AILI. This ensures that at any time current is flowing through the output. 

Thus the boundary condition exists when the average current through the inductor, which 

is equal to the out put current boundary ioB, is equal to AILI [2]. This condition can be 

seen in Figure 2.8. 

' L l E T ^ o B ^ ^ ' L r -

i!^.vi-V 
nl . D T 

2̂ L1 (2.34) 

Figure 2.8 Boundary between continuous and discontinuous conduction. 
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Voltage Ripple 

During the analysis of the converter we have made use of the small ripple 

approximation that allows us to approximate the output voltage, V, with its DC 

component. The ripple of the output voltage can be found for a converter operating in 

continuous conduction mode by assuming that the average component of the inductor 

current ILI flows through the resistor and the ripple component of iti flows through 

capacitor CI. The additional charge AQ generated by the current ripple is responsible for 

the voltage ripple in the converter. The ripple voltage can then be found by dividing the 

additional charge by the capacitance of CI [1]. 

Ax^AQ 

ci (2.35) 

AQ can be found by finding the area in Figure 2.9. 

1 , , T , A Q = - A I , 1 
2 "̂^ 2 (2.36) 

Substituting Equation 2.30 into equation 2.33 yields 

, ^ , V < l - D ) . 2 

8LLC1 

^ y ( 1 - D ) T 3 ' , 2 /f 2̂ 

fc=-

(2.37) 

V S^CILI 2 ^f,/ (2.38) 

where fs = 1/Ts and 

;-7i VLICI (2.39) 
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Figure 2.9 Output voltage ripple. 

It can be seen that by selecting the comer frequency of the low pass filter to be 

much less than the switching frequency, fc«fs, the voltage ripple can be minimized. If 

the converter is operating in continuous conduction mode the ripple is independent of the 

output power[2]. 

Component Ratings 

Transistor Ml 

During the on state of transistor 1, subinterval 1, the current can be given as a 

function of the current flowing through the inductor LI and the current flowing through 

the leakage inductance, LM. In order to find the maximum current flow through the 

switch we must know the maximum current through the inductor. This is found by 

adding the peak current to the average inductor current of LI. The current can then be 
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reflected to the primary side of the converter and added to the magnetizing current for the 

peak current flow through the switch[3]. 

' Mlmax=' 1 max=i M ( ^ ' ^ s) + —"( ' LI "•" ^ ' Ll 
^ ^ nl ^ (2.40) 

_ ^ g n3 
•imax—;^—"^"^ s + — 

^ .D^Vl ^ • V l - V ^ 

D T , 

(2.41) 

(2.42) 

L M nl \ R 2 L ^/ 

i l m a x = ^ D T , . i ^ . l l l l L ^ . D ^ T , 

The maximum voltage across the transistor occurs during subinterval 2, when Dl is 

conducting. 

^Mlmax=Vl- 1 + ^ 
\ "3/ (2.43) 

Diode Dl 

The current through diode Dl conducts during the second subinterval and has the 

following maximum current. U is the leakage inductance of the magnetizing winding. (D) 

i ="* ^S DT * 2max ~ : " ^ ^ s 
n2 11 (2.44) 

The reverse voltage across diode Dl is maximum when transistor Ml and diode D2 are 

conducting. 

V = - V L ( I + — ] 
\ nl/ (2.45) 

Diode D2 

The maximum current through diode D2 is sum of the average inuctor current in 

LI and the peak ripple current. 

'D2max='Ll-l-^iLl (2.46) 

^•D^Vl i l ^ -Vl -V 
__nl nl 

' D2max ••" s 
u/max j ^ 2.L ^ (2.47) 

16 



The voltage across D2 is negative when Dl is conducting. 

n3 
V D 2 = — - V l - V g 

n2 

-n3 n3 
^ D 2 = - r - V l - — D V l 

n2 nl 

(2.48) 

(2.49) 

Diode D3 

The maximum current through diode D3 is listed below. 

i j^3=(l_D)-iLi 

^ •D-Vl 

• D 3 = ( ' - D ) - ^ ^ ^ 

(2.50) 

(2.51) 

The voltage across diode D3 is negative when the transistor is conducting. 

n3 

^ (2.52) ^ D3=-'^^ — 

17 



CHAPTER III 

DEVELOPMENT OF BUCK FED PUSH-PULL CONVERTER 

The development of the buck fed push-pull converter was selected due to the 

robustness of the design and lower number of turns required in the transformer. The buck 

stage of the converter will control the output voltage of the converter. The duty cycle can 

be controlled to increase or decrease the output voltage of the entire converter. The 

transformer, as seen in Figure 3.1, isolates the output of the converter and is set up in a 

push-pull configuration. The current is fed into the transformer through the center tap of 

the primary side winding. The current flows through the upper winding and the transistor 

M2, the push stage, for the first half of the switching cycle. During the second half of the 

switching cycle the current flows through the lower winding transistor M3, the pull stage. 

This resets the transformer every switching cycle. The Push-pull configuration transfers 

power to the secondary over both sides of the B-H curve and to the output through the 

full bridge rectifier. This is a primary advantage over the forward converter. 

ro 
ro 

•¥ 

ni:n2 
5 

VI 
+ ^M1 LI 

1̂ ' 

•*nrT 
M1 

] 
* 02 ^ D4 

^3 

I 

A D 1 
CO 

03 2 

C1 

0 5 ^ 

R1<- V 

i J ' I__r 
1 ^ 

Figure 3.1 Buck fed push-pull Converter. 

The analysis of the converter will be done in two stages. The first stage will 

analyze the buck converter. The output of the buck converter is the current source for the 

second part of the analysis, the push-pull stage. 
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Buck Converter Stage 

The buck converter stage is used to feed current into the push-pull converter 

stage. This is particularly usefiil, as the large inductance in the buck stage will tend to 

limit any current spikes that will be fed into the transformer. Controlling the duty cycle 

of the buck converter stage controls the amount of current fed into the push-pull 

converter that in turn controls the output voltage for the entire power supply. 

Reflecting the capacitance and resistance of the push-pull converter to the primary 

side completes the buck converter stage for analysis. The reflected values for the 

resistance, Rref, and the capacitance, Cref, are a function of the turns ratio. 

(3.1) 

Crer 
nl 

•CI 
\n2/ (3.2) 

The complete buck converter stage is seen in Figure 3.2. The buck stage will operate in 

two distinct subintervals during each switching cycle, Ts.[3]. 

V1 

Buck Subinterval 1 

+ ''MI ' L1 

~irr 
M-TT 

01 A v̂ lU 'ret 

Figure 3.2 Buck converter. 

R ref < V 

When the transistor Ml is turned on. Diode Dl is reversed biased for a period of 

Ton, which is equal to D*Ts. D is the duty cycle of the switch and Ts is the entire 

switching cycle. The switch output voltage, Vs(t), seen across the Diode Dl is then VI. 
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The voltage seen across the inductor LI is then the difference between the input voltage, 

VI, and the output voltage, V. The equivalent circuit for subinterval 1 is shown in Figure 

3.3. 

V L p v , ( t ) - V 

VLrVi-v 

V1 

(3.4) 

(3.5) 

.Li(0 

^sf») < V 

Figure 3.3 Buck converter subinterval 1. 

Buck Subinterval 2 

When the transistor Ml is turned off, Diode Dl is forward biased for the time 

interval fi"om Ton to Tg. The voltage Vs(t) is short circuited by Dl and is equal to 0. 

v,(t)=0 (3.6) 

The voltage seen across the inductor is then the inverse of the output voltage -V. This is 

foimd by substituting Equation 3.6 into Equation 3.4. Figure 3.4 depicts the equivalent 

circuit for subinterval 2. 

Figure 3.4 Buck converter subinterval 2. 
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Buck Voltage and Current Transfer Function 

The voltage Vs(t) is passed through the low pass filter created by LI and Cref to 

the load Rref. The filter is designed to pass only the DC component of Vs(t) and reject the 

switching frequency components and its harmonics. Again, the small ripple 

approximation will be used to state that the out put voltage v(t)can be approximated by its 

DC component V. It can then be stated that voltage, V, seen by the load, Rref, is equal to 

the DC component of the Vs(t). The DC component of the wave form Vs(t), which is seen 

in Figure 3.5, is found by integrating Vs(t) over one switching period Ts. 

'T 

(3.8) 

0 

V=V1D 

Thus voltage transfer fianction for the buck stage of the converter is 

out.buck^ 

in.buck 

where Vin.buck = VI and Vout.buck= V. 

0 

T 
V1 
1 } 

(3.9) 

(3.10) 

(3.11) 

Figure 3.5 Buck switch output voltage. 

Again using the small ripple approximation for the current, iLi(t) is approximated 

by its DC component ILI. An average value for the output is easily obtained by dividing 

the output voltage by the load resistance Rref. 

. _ V 

ref (3.12) 
Lf R 
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VID 

•^ref (3.13) 

The relationship of the input current and output current can be found using the 

conversation of power which sates that the input power must be equal to the out power. 

where 

p • =p 
m out 

Pout=V-JL] 

in—^^Mn.buck 

Substituting Eq. 3.14 and 3.15 yields 

VILPVI-I in.buck 

Substituting Eq. 3.10 into Eq. 3.17 and solving for Ijn leaves 

^in.buck'^'^Ll 

which yields a current transfer function of 

out.buck _ 1 

(3.14) 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

Mn.buck D ^^ j ^ ^ 

where I.out.buck = lLi. 

Buck Output Current and Voltage Ripple 

Choosing values for the inductor LI and capacitor CI can again be derived from 

the current and voltage ripple of the output. Equations for the output current and voltage 

ripple can be derived in terms of L and C respectively. These equations can then be easily 

solved for in terms L or C. This allows the designer to base the decision on the size of the 

component based on specifications for maximum ripple. Current in the inductor must 

again be monitored to insure that the buck stage operates in continuous conduction mode. 

Analysis of the voltage of LI can be used to derive the current ripple. Using 

Equation 2.28 from the forward converter analysis and substituting in the voltages across 

the inductor during both subintervals. The equation for the change in current for 

subinterval 1 can be found in terms of the input and output voltage. 
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d . _ ^ L 1 _ 
vi-illv 

n3 

I dt LI LI ( 3 2 0 ) 

nl/n3*V is the output voltage reflected to primary side. The equation for the change in 

current for subinterval 2 is found in terms of only the output voltage. 

— V 
d_._'^Ll^ n3 

dt LI LI (321) 

Again the inductor current at the beginning of subinterval one begins at some initial 

current iLi(O) then increase to a maximum value iLi(DTs) with the slope in Equation 3.13. 

During subintervals two, the current then decreases with the slope in Equation 3.14 to 

iLi(Ts). Steady state operating conditions again dictate that iLi(O) equals iLi(Ts)[l]. 

From Figure 3.6, it can be seen that Aiti is the current change from the DC 

current to the peak current and 2*AiLi is the peak-to-peak ripple, similar to the analysis 

for the forward converter. The peak-to-peak ripple can again be found by multiplying the 

slope and the time duration of subinterval. In this analysis, subinterval one is used[l]. 

2-AiLr-

Vl-ili^V 
n3 

•DT 
LI (3.22) 

vi-^^v 
A i L r ^ D T s 

^^ 2L1 ^ (3.23) 

The value for LI can then be found in terms of Aiti. 

Ll=-

vi-iliv 
n3 •DT 

2-A LI (3.24) 

Figure 3.6 Inductor current waveform. 
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The converter operates in continuous conduction mode when the average current 

is greater than AILI . As in the forward converter, the boundary condition exists when the 

average current through the inductor ILI, which is equal to the out put current boundary 

ioB, is equal to AILI [2] . 

'Li^*oB=Aiu (3 25) 

As in the forward converter the ripple of the output voltage is found for a 

converter operating in continuous conduction mode by assuming that the average 

component of the inductor current in flows through the resistor and the ripple component 

of iti flows through capacitor CI. The ripple voltage can then be found again by dividing 

the additional charge, AQ seen in Figure 3.7, by the capacitance of CI [1]. 

.AQ 

(3.26) 
A\fe-

Cl 

LI ̂  

LI ^ 

i (0) 
LI 

V 

9 

DT, 

LI ̂  

0 

T 
V 1 - V 

1 
1 

-V 

i 

Ai 
LI 

Figure 3.7 Buck output voltage ripple. 
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Restating the information from the forward converter analysis, AQ can be found by 

finding the area in Figure 3.7. 

T 
A Q = - A I T r — 

2 ^ ' 2 (3.27) 

Substitufing Equafion 3.20 into equation 3.19 yields 

8LLC1 ^ (3.28) 

AV ( l - D ) T , - , 2 2 n / . \ 2 

V S^CILI 2 
= — ( 1 - D ) 

\ s/ (3.29) 

where fs = 1/Ts and 

fc=-
•71 VLL CI (3.30) 

Push-Pull Converter Stage 

The push-pull stage is used to isolate the power supply and step up the voltage a 

predetermined amount. Again it is important to note that the push-pull converter transfers 

power to the secondary side during both subintervals. This topology allows for use of the 

entire B-H curve that will be discussed during the overview of transformer design in 

Chapter IV. 

It is important to note that the push-pull converter is modeled with a current 

source as the input in Figure 3.8. The output inductor of the buck stage of the converter 

supports the current. The magnitude of the input current, II, is equal to the output current 

of the buck stage of the converter, ILI. 

^ in.push.pul!"' out.buck"' LI (3.31) 

The push-pull converter operates in four subintervals[3]. During the first 

subinterval a single transistor is conducting while the other is not. During the second 

subinterval, both transistors are conducting. This subinterval repeats itself with one 

transistor conducting every other switching cycle. 
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Figure 3.8 Current fed push-pull converter. 

Push-Pull Subinterval 1 

During Subinterval 1, which lasts for a duration of Toni, transistor M2 conducts. 

The current fi-om the current source then flows through the transistor, M2. 

i , = l l 
(3.32) 

The voltage across the upper winding of the primary induces a positive voltage across the 

secondary winding, V3. This positive voltage forward biases diodes D2 and D5, and 

reverse biases diodes D3 and D4. This can be seen in Figure 3.9. The current that flows 

through the secondary winding, D2 and D5 is a product of the turns ration and the current 

in the primary winding. 

nl . 

n2 (3.33) 

The load voltage, V, is then the product of the output load Rl and the secondary 

current, is. The voltage across the secondary winding can then be seen to be equal to the 

load voltage. 

(3.34) 

(3.35) 
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The voltage across the primary winding is again a product of the secondary voltage and 

the turns ratio. 

nl 
V l = •V3 

n2 (3.36) 

The primary side voltage is then found in terms of the input current and the output load 

by substituting Equafions 3.35, 3.33, 3.32 back into Equation 3.36. 

nl . _,, nl nl . „ , nl 
V , = — 1 3 . R l = _ _ . _ . i , .Rl= .RMi 

n2 •" n2 n2 ^^ 
(3.37) 

Figure 3.9 Push-pull converter subinterval 1, 

Push-Pull Subinterval 2 

During Subinterval 2, which lasts for a duration of Toni,2, transistor M2 and M3 

are both conducting simultaneously. Thus the current delivered by the current source will 

flow through both transistors evenly. 

. . II 
M='2=-

2 (3.38) 

Since the current flows in one direction around the core in the upper primary side 

winding and in the opposite direction around the core in the lower primary side, there is 

no flux generated in the core. This essentially shorts out the primary side of the 
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transformer to ground. Thus the voltages across the primary side windings are equal to 

zero. As the voltage across the primary side windings is Ov, so is the voltage across the 

secondary side winding. The equivalent circuh can be seen in Figure 3.10. 

V j=v 2=v 3=0 
(3.39) 

Figure 3.10 Push-pull converter subinterval 2. 

The transformer leakage inductances for the transformer were neglected during 

subinterval 1. The current source that is fed in to the power supply and then reflected to 

the secondary side makes the leakage inductance negligible. However During the second 

time interval, the secondary side is not fed by the primary current source. Instead the 

voltage across the secondary winding is zero. This leaves the leakage inductance in 

parallel with the load resistance, Rl, and output capacitor, CI. 

Figure 3.11 represents the equivalent circuit for the secondary side in the 

frequency domain. The node current equation is obtained and solved for V. Where lo is 

equal to the initial current in the inductor, i3=nl/n2*il, and Vo is the initial voltage on the 

capacitor, V=i3 * Rl. Both values are taken from subinterval 1. 

o V 

s L 
-I- V ^hCl-s-l-—=0 

s. leakage Rl (3.40) 
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V=-
- ' o + V o - C l s 

s L , + CLs R I L , + R1 

R I L s. leakage 

s.leakage "^'^' =* "^''^s-ieakage ' ' " ' / ( 3 . 41 ) 

Taking the inverse Laplace transform yields the solution for the voltage waveform in the 

time domain. 

where. 

a( t ) :=2-CL 

V(t) :=-exp 
(2^C1R1) 

' a ( t ) - b ( t ) - H c ( t ) - H d ( t ) \ 

4C1 R f - L s.leakage / (3.42) 

4 C l R l ' - L 3 , , , k a g e ^ 

^ ' '^s. leakage"^' 

•I^Rl^^sin 

LN 

4 ^ C l R r - L s. leakage 

' 2 2 
CI L •R1 

s. leakage 

s.leakage 

(3.43) 

b( t ) : = 4 ^ V Q C O S 
4 ^ C l R r - L s.leakage 

c(t) :=VQ^COS 

2 2 
v^' '"S.leakage^' 

4 -ClRl -Lgiggj^ggg 

^^ '^ s.leakage'^^ / 

CI Rl 

(3.44) 

s.leakage 

(3.45) 

d ( t ) : = C l ' 

N 

i 4 C l R l ^ - L ] 
s.leakage/ 

2 2 
^^ '^S.leakage"^^ / 

•VoSin 
4 C l R r - L s.leakage 

' 2 2 
\^^ 'L s.leakage'^^ 

R I L s.leakage 

(3.46) 

•-s.leakage^ 
Y V_ « •-

-i-r'y 
CLs 

S 

Vo 
s 

Rl 

Figure 3.11 Equivalent circuit for secondary side during subinterval 2. 

It should be noted that the overlap time should be minimized in order to maximize the 

transfer of power from the primary to the secondary. Over lap times on the order of 0.1 |is 
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should be sufficient for fast switching mosfets. It can be seen in Figure 3.12 that for 

sufficiently large values of the output capacitors and for leakage inductances over 5|̂ H 

that the voltage drop during this time interval are on the order of 0.1%. Thus in context 

with the small ripple approximation it can be stated that the output current, is, can be 

approximated to that of subinterval 1. The same can be said for the output voltage, V. 

nl . 
' 3 = — ' 1 n2 

V=i3^Rl 

(3.47) 

(3.48) 

V 

0 1e-07 2e-07 3e-07 4e-07 5e-07 

t (sec) 

Figure 3.12 Plot of output voltage V for subinterval 2. 
Ls.ieakage=5 |iH, Cl=2.5 îF, Rl=1406.25, lo:=0.267 A, 
Vo:=375 V. 

Push-Pull Subinterval 3 

During Subinterval 3, which lasts for a duration of Ton3= Ton2- transistor M3 

conducts. The current from the current source then flows through the transistor. M2. 

i2=ll (3.49) 

The voltage in lower winding of the primary induces a negative voltage across the 

secondary winding, V3. This negative voltage forward biases diodes D3 and D4. and 
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reverse biases diodes D2 and D5. The equivalent circuit for this subinterval can be seen 

in Figure 3.13. The current that flows through the secondary winding, D3 and D4 is the 

negative product of the turns ration and the current in the primary winding. The product 

is negative because the induced current in the secondary winding flows in the opposite 

direction than originally established in subinterval 1. 

nl . 
1 3 = - — • i ^ 

n2 (3.50) 

The load voltage, V, is again the negative product of the output load, Rl , and the 

secondary current, is. The product is negative because the current with respect to the 

secondary winding is negative, but due to the full-bridge rectifier, the current that is seen 

by the load is positive and equal to that of the subinterval 1. The voltage across the 

secondary winding is seen to be the negative of the load voltage. Again it is negative due 

to the routing of the current through full bridge rectifier. 

\fe-i3Rl P 3 1 ) 

^3=-^ (3.52) 
The voltage across the primary winding is once again the negative product of the 

secondary voltage and the turns ratio. 

nl 
V 9 = - V T 

^ n2 ^ (3.53) 
The primary side voltage is then found in terms of the input current and the output load 

by substituting Equations 3.52, 3.51, 3.50, 3.49 back into Equation 3.53. 
2 

v,=!li.V=ill-i3Rl=^^^irRl=n — R l 
n2 n2 n2 n2 ^j' (3.54) 

It is easy to see that Equation 3.54 is the voltage equation, V=I*R, where nl^/nl^*Rl is 

simply the load resistance refiected to the primary side. It is seen that vi = V2 and ii = i2. 
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Figure 3.13 Push-pull converter subinterval 3. 

Push-Pull Subinterval 4 

During Subinterval 4, which again lasts for a duration of Toni,2, transistor M2 and 

M3 are both conducting simultaneously. Although current flows in a different direction 

through the secondary the fiill bridge routs the current in the same direction through the 

load as in Subinterval 2. The derivation of equations for this subinterval is identical to 

that of subinterval 2. The equivalent circuit can be seen in Figure 3.14. 

n1 : n2 s leakage 

< ^ 
I I 

D4 i 

' 2 * 

03 

C1 r̂ i R 1 ^ V 

Figure 3.14 Push-pull converter subinterval 4. 
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Push-Pull Voltage and Current Transfer Function 

The transfer fiinction for the current then follows as the turns ration. 

. nl . 
' 3 = — M 

"^ (3.55) 

out.pushpull _n l 

Mn.pushpull "2 ^^^^^ 

where lout.pushpuu ^ is and lin.pushpuu = ii- The transfer fiinction for the voltage can be found 

again by using the conservation of power. 

p • =p '^in ^out 
(3.57) 

in" in.pushpuirM~^in.pushpuirMn.pushpull (3 58) 

Pout=V^i3 
(3.59) 

Substitufing Equafion 3.33 into 3.59 yields 

p - " ' i V 
n2 

P =—•] •V 

out 2 in.pushpull ^ out.pushpull 

(3.60) 

(3.61) 

(3.62) 

Equating the equations for the input power and output power, 

in.pushpull •' in.pushpull~~'^ in.pushpull "^out-pushpull 

yields a voltage transfer fimction of 

out.pushpull _n2 

in.pushpull " n 63^ 

Push-Pull Output Current and Voltage Ripple 

As discussed during the examination of the transfer functions, the output voltage 

and output current are identical during all 4 time intervals. It is because of this condition 

that no ripple will be attributed to this stage of this power supply. 
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Buck Fed Push-Pull Voltage AND Current Transfer Functions 

The transfer function for the entire power supply is found by simply multiplying 

the two transfer fimctions for the two individual stages. Multiplying the voltage transfer 

fiinctions of the buck stage and the push-pull stage yields the following equations. 

out _ out.buck out.pushpul 1 

in in.buck in.pushpull (3.64) 

out_ n2 

^in "̂  (3.65) 

Where in Figure 3.1, Vin = VI and Vout = V. Multiplying the current transfer funcfions of 

the buck stage and the push-pull stage yields the foUov^ng equations. 

out _ out.buck out.pushpull 

Mn Mn.buck in.pushpull (3.66) 

out_ nl 

I in "2 ^2>.61) 

Output Voltage and Current Ripple 

Voltage Ripple 

The output vokage ripple was obtained for the buck stage of the converter. It was 

shown that the output voltage ripple generated from the push-pull stage was negligible. 

Thus the generated ripple is generated by the buck stage and magnified by the push-pull 

stage's transformer turns rafio. The voltage ripple can be seen as the voltage ripple of the 

buck stage multiplied by the voltage transfer fiinction of the push-pull stage. 

^^VlDbuckv ' -^buck) „ 2n2 
AV̂  -rrrT^ Ts.buck —: 

SLlC^gf nl (36g) 

Where Ts.buck is the fime interval for one switching cycle of the buck stage, Dbuck is the 

duty cycle of the buck stage, and Cref is the capacitance CI reflected to the primary side. 
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Current Ripple 

In the same manner, the current ripple of the entire power supply is the current 

ripple of the buck stage muhiplied by the current transfer fiinction of the push-pull stage. 

V l - V K D b , e k ^ „j 
T , , buck' ^ s.buck ~ 
•̂̂ ^ "2 (369) 

Component Ratings 

Transistor Ml 

During the second subinterval of the buck stage the transistor. Ml, does not 

conduct and blocks the input voltage. Thus, the maximum voltage Ml has to block is the 

input voltage VI. 

^Ml.max=Vl (3.70) 

When Ml is on during the first subinterval, the current flowing through it is equal 

to the current flowing through the inductor, LI. The maximum value can be found as a 

function of the average value of the current flowing through the inductor plus the current 

ripple attributed to the buck stage. 

_Vl̂ D ^ 1 - '̂ out.buck 
'Ml.max""^ ••" T-r- ' ^buck ' ' s.buck 

"••-f ' •• ' ' (3.71) 

Where Rref is the load reflected to the primary side of the transformer. 

Diode Dl 

The diode, Dl, is conducting during the second subinterval of the buck stage and 

is equal to the current flowing in the inductor LI. It was shown that the current flowing 

through the transistor, Ml, at the end of subinterval 1 is equal to the current flowing 

through the diode, Dl, at the beginning of subinterval 2. It is at this time, transition 

between subinterval 1 and 2 that the current in both is at its maximum. Thus the 

maximum current through the Dl is equal to the maximum current for Ml. 

_V1-D ^ ' - ^out.buck 
'Dl.max""^ "•" 771 '^buck s.buck 
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During subinterval 2, the voltage across the diode is negative. The diode is 

blocking the input voltage VI. 

^Dl.max=-Vl (3.73) 

Transistor Ml and M2 

Ml and M2 conduct during separate time intervals of the push-pull stage with 

simultaneous conduction during subintervals 3 and 4. Due to the nature of the push-pull 

transformer they both conduct the same average and peak current. The peak currents 

occur during subintervals 1 and 3 respectively. The maximum current that flows through 

the transistors is simply the current supplied by the current source. The current source for 

the push-pull is the output current of the buck stage, or the current that flows through LI. 

This again is equal to the current that flows through Ml and Dl. 

_VI^D ^ ' - ^ou t . buck 
'Ml.M2.ma^"^ "I 77-; '^buck"^ s.buck 

Ml and M2 block voltages when they are not conducting during subinterval 3 and 

1 respectively. The blocked voltage is twice the input voltage of the push-pull stage. 

Again the input voltage to the push-pull stage is the output voltage of the of the buck 

stage. The maximum blocking voltage is then twice the sum of the average output 

voltage and the voltage ripple. 

^Ml.M2.max =2-
^ out .buck-^-D buck) 

^ ' • ^ buck + s T T c i ^ s.buck' 
(3.75) 

Diode D2, D3, D4 and D5 

Diodes D2, D3, D4, and D5 form a fiill bridge rectifier for the secondary side of 

the push-pull stage. Each diode conducts the same average current as well as the same 

peak current. The peak current is the sum of the average output current and the current 

ripple for the buck stage multiplied by the current transfer function of the push-pull stage. 

_ VlD ^^~'^out.buck nl 
' D2.D3.D4.D5ma~ T ••" 777 '^buck ' s.buck —: 

R^g^ 2-Ll n2 (3.76) 
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The maximum reverse voltage for the Diodes is equal to the sum of the average 

output voltage and the voltage ripple for the buck stage multiplied by the voltage transfer 

function of the push-pull stage. 

D2.D3.D4.D5max W\D 
out.buck 

buck"*" 
- D buck 

8L1C1 
s.buck 

n2 

nl (3.77) 
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CHAPTER IV 

BASIC TRANSFORMER DESIGN 

The design of the transformer for both the forward converter and the buck fed 

push-pull converter was purposefully not included in the previous two chapters in order 

to devote an entire chapter to its development. The transformer for both topologies is 

used to isolate the load from the input and to step the voltage up to the output voltage 

level. In designing a transformer, 4 of key issues will be discussed which are choosing 

the type of core that will be used, finding the number of primary turns, finding the 

number of secondary turns and choosing the size of the core. 

Core Material 

The ferrite core material can be chosen by selecting a material that can handle the 

power throughput at loss levels of less than 300mW/ cm . This measure of through put is 

known as the performance factor (f B). The 300mW/ cm is considered to be acceptable 

for medium size transformers. The performance factor as a fimction of frequency is 

graphed in Figure 4.1. 

80000 

' '* ^max 
(HzT) 

60000 

40000 

20000 

0 
1C 

1 085 

" " 3F3 

1 0 =4 

/ ^ ••F 1 

r^ 1 10 10' 
operating freq. (MHz) 

Figure 4.1 Performance factor as a fiinction of frequency [4]. 
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As can be seen by the figure, from lOOKHz to 500Khz, the soft ferrite material 

with the best performance factor is 3F3. This material was used for all transformer 

designs. 

Assigning Number of Turns per Winding 

Primary Turns 

The number of primary turns is a fiincfion of the flux density, frequency, effecfive 

cross sectional area of the core, and the input voltage. The input into the transformer 

from the converters is a square wave in which the transistor is used to turn the voltage on 

and off. The equation the number of primary turn is given below[4] 

V • 
N - P"*" 

where Vpnm is the maximum value of the voltage pulse into the primary side of the 

transformer, f is the frequency of the pulse train, Bopt is the optimum flux density, and Ag 

is the effective cross sectional are of the core. Kf is a constant factor that varies 

depending on the shape of the pulse. For a square wave, the Kf = 4 and for a sine wave 

Kf = .444. 

Secondary Turns 

The number of secondary turns is the product of the output voltage to input 

voltage ratio of the transformer and the number of primary turns. It must be noted that 

the output voltage of the transformer must be high enough to take into account losses due 

to components on the secondary side, which will reduce the output voltage of the 

converter. 

^sec" out.load ''" ^comp.loss (4.2) 

Vsec is the max pulse voltage out of the secondary side of the transformer, Vout.ioad is the 

maximum pulse voltage needed to achieve the desired load voltage and Vcomp loss is the 

losses in the components between the transformer and the load. Thus the number of 

secondary turn is give by the equation below, 
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XT —XT out.sec 
sec prim ^ 

^in.prim (4 3) 

where Vin.prim is the minimum voltage across the primary side. 

As example of the needed values the following example is given. The required 

load voltage, is 100 volts. The output of the transformer is fed into a half bridge rectifier 

and then into a low pas filter. The output of the transformer is a pulse train with a duty 

cycle of 50%. Thus voltage of the pulse train required to achieve the 100 vohs, Voutioad, 

should be 200 vohs. When Voutioad is passed through a low pass filter it yields the desired 

output voltage of 100 volts. If the rectifying diode loss is 1 volt, then the voltage out of 

the secondary, Vsec, should be 101 volts. 

Size of Core 

Once the number of primary and secondary windings is obtained it is necessary to 

determine the size of the core to be used. This is done by first choosing a primary side 

wire with sufficient size to carry the maximum amount of current that will be delivered to 

the converter. Next, a secondary size wire with sufficient size to carry the load current 

must be chosen. The primary and secondary cross sectional area of the wire, Awp and 

Aws respectively, are then obtained. Once Awp and Aws are known, the window 

utilization, Ku, can be found. Ku is a simple ratio of the winding area taken up by the 

primary and secondary windings to the total winding area available in the core, Wa. It is 

important to note that if there are more than one primary winding, the products of the 

area of each wire and the number of its turns must be summed. 

N sec-A^^^-N prim-Awp 
Ku= 

Wa (4.4) 

Ku should be on the order of 60%. The buffer of 40% is needed because the wire 

is not square and air gaps between turns will be formed when winding the transformer. 

This will also leave room for winding errors and rows of turns that will not be filled 

completely. This is a rough estimate but will serve nicely as the starting point for 

choosing the core size. 
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Losses 

Once the size of the core has been established it is a simple matter to find the 

power losses associated with the transformer. The losses will come from the core itself 

and from the resistive copper loss from the wire. 

The core losses can be found using Figure 4.2 where the specific power loss, 

Pspecific, is graphed as a function of peak flux density for varying frequencies. The loss in 

the core, Pcore, is the product of Pgpecific and the volume of the core, Vcore-

core" core specific (4.5) 

The copper loss must be found for each winding and then summed. It is standard 

practice to choose wire sizes that will dissipate power in each of the windings as evenly 

as possible. In cases where this is not possible, the winding that dissipated the most 

power should be wound furthest away from the center of the core. 

2 

^winding" winding (4.6) 
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CHAPTER V 

BASIC FEEDBACK DESIGN 

Feedback design is one of the most important elements of power supply designs. 

It is essenfial that the designed power supply operate as desired under all specified 

condifions. For this fact, a brief description on the requirements for stability and different 

types of feedback systems follows. 

Requirements for Stability 

The requirement for stability is observed on the phase and gain bode plots. When 

viewing phase and gain information, the phase must be positive when the gain = 1 (= 

OdB). The phase margin is the amount of phase at OdB. Restating the requirement for 

stability, there must be a phase margin (positive) for the power supply to be stable. 

Venable K Method for Developing Feedback 

The Venable K Method calculates the amount of phase an error amplifier needs to 

give the desired phase margin, phase boost. Once the amount of phase boost is known a 

selection of one of three types of error amplifiers can be made. The derivation of 

component values is achieved around the idea of placing zeros and poles symmetrically 

around the desired crossover frequency. The zeroes cause the phase to rise below the 

bandwidth. The poles cause the gain to decrease above the bandwidth. 

The first step in this method is to determine the crossover frequency. This value 

if not part of the design specifications is often chosen below the resonant frequency, for 

voltage control mode. Although it is possible to compensate the feedback loop above the 

resonant frequency it is often better to use current control methods[5]. The crossover 

frequency must be greater than 2*BW. 

The second step is to obtain gain and phase bode plots for the converter in an 

open loop configuration. Once this is obtained the phase and gain values must be 

obtained at the crossover frequency[5]. 
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The third step is to determine the phase margin. The desired amount of phase 

margin varies from source to source between 30°, 45°, and 60°. The difference in opinion 

is derived from phase margin serving two purposes. It determines how much damping a 

system will have in response to a load step and it insures stability under variation of 

component values. However the phase margin determines only small signal stability 

where step variations will lead to large signal operation. Therefore a phase margin of 45° 

was chosen[5]. 

The fourth step is to determine the gain compensation needed for the error 

amplifier in order to make the gain of the feedback loop equal to zero at the crossover 

frequency. If the gain of the open loop system is 12dB then the gain of the error 

amplifier should be -12dB. It is important to note that the gain should not be left in dB 

when inserting the value into the equation used to find component values. Therefore, the 

gain of the error amplifier should be -12dB = .25 at the cross over frequency [5]. 

The fifth step is to calculate the amount of phase boost needed from the error 

amplifier. This is done using the following equation. 

boost=M-P-90 (5 1) 

Where M is the phase margin and P is the open loop phase shift at the cross over 

frequency. If boost is less than 0 then no phase boost is required. When no phase boost 

is required a type 1 amplifier can be used. When the phase boost required is 0° and 75°, a 

type 2 amplifier is needed. If the phase boost required is between 75° and 160°, a type 3 

amplifier is needed. If the boost needed is above 160°, there may be errors in the 

measurement of the phase shift[5]. 

Type 1 Amplifiers 

The type 1 amplifiers can be used when no phase boost is needed. This type of 

feedback amplifier has only one component, CI, whose value must be solved for. Rl and 

Rbias is simply a voltage divider that biases the signal coming into the amplifier. If the 

voltage coming into the amplifier is not larger than the reference voltage that is available 

then Rbias is not needed. In this case a good value for Rl is lOKQ. The amplifier can be 

seen in Figure 5.1. CI is solved for in the following equation. 
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(5.2) 

Figure 5.1 Type 1 Amplifier. 

Type 2 Amplifiers 

As in the type 1 amplifier, we will assign Rl = lOKQ. Type 2 amplifiers are used 

when the boost needed is between 0° and 75°. The amplifier can be seen in Figure 5.2. 

The equations for finding values for the remainder of the components follow in the 

equations below. 

K=tan 
boost 

C2=-

\ 2 

1 

H-45 

2-n f-GK Rl 

C1=C2-(K^- I 

K 
R3=-

2-71 f C l 

(5.3) 

(5.4) 

(5.5) 

(5.6) 
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Type 3 Amplifiers 

Again as in the type 1, amplifier we will assign Rl = lOKD. Type 3 amplifiers 

are used when the boost needed is between 75° and 160°. The amplifier can be seen in 

Figure 5.3. The equations for finding values for the remainder of the components follow 

in the equations below. 

f 
' (5.7) 

,̂  / /boost 
K= tan -1-45 

C2=-
2-71 f-GRl 

C 1 = C 2 ( K - 1) 

Vic 
R2= 

R3ss 

2-71 f-Cl 

Rl 

K - 1 

(58.) 

(5.9) 

(5.10) 

(5.11) 

C3= 

•n -f-VK-R3 (512.) 
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Figure 5.3 Type 3 amplifier. 
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CHAPTER VI 

IMPLEMENTATION OF lOOw FORWARD CONVERTER 

The forward converter was completed in two steps, simulation and 

implementation. The basic concepts of the forward converter, which were discussed in 

its development, were simulated in PSpice. The specifications for the simulation are 

listed below. Note that the preliminary converter specifications differ from the final 

project specs. The output power is only 100 watts. 

The output voltage should be 1500 volts. However if the design performs well 

the converter will have a quadrupler added to the output. Thus, the output voltage is only 

375 volts, 4 times less than 1500 volts. The design fell short of designing the feedback 

loop due to fundamental problems with the design, which will be discussed in the results 

section: 

• Minimum Input Voltage = 24 volts; 

• Maximum Input Voltage = 32 volts; 

• Output Power = 100 watts; 

• Output voltage = 375 volts; 

• 1 OOKHz switching frequency; 

• lOOHz Bandwidth. 

Simulation of Forward Schematic 

The basic concepts of the forward converter were simulated in PSpice. The 

Schemafic for the simulation is shown in Figure 6.1. In order to simulate a forward 

converter 4 key areas were addressed. The first area to address is finding a drive circuit 

for the converter. Once a device was found a component was created in PSpice. The 

second was finding the turns ratio for the transformer. The last two areas to address are 

finding values for the output capacitor and inductor. Once the areas are addressed the 

simulation may be entered into PSpice and simulated. 
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Figure 6.1 Forward converter simulation schematic. 

Drive Component 

The first issue resolved in simulating the forward converter was the development 

of the drive component. The component that was selected for the implementation was 

Unitrode's UC2813n-5. However looking forward to the development of the buck fed 

push-pull converter a component was developed that could be used for the drive circuit in 

both converter simulations. Thus the discussion for this chapter is limited to the aspects 

of the component that are used by the forward converter. 

The simulated Unitrode component, UCl in the schematic in Figure 6.1, works by 

comparing a generated ramp function with a reference voltage. The Ramp voltage 

generated by the component can be seen at the output pin Ramp. UCl has an input pin D 

that should be tied to a voltage source. This voltage source should feed the component 

the desired duty cycle. When the voltage on D is greater than the ramp voltage, the gate 

drive is high. When the voltage on D is less than the ramp voltage, the gate drive is low. 

The waveforms have been graphed in Figure 6.1. The gate drive voltage is seen out of 
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PWM+. It is important to note that PWM- must be fied to ground. The PWM-, Push, 

and Pull pins will be used and discussed in later chapters. The UC2813n-5 runs at a 50% 

duty cycle so the D pin is tied to a 0.5 voU voltage source. 
16U-

10U 

A^ 

S E L » i 
OU-" 

1 . 5 U -

1 . B U -
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U(UC1:PUM+) 

When the refemce voltage UC1 :D 
i s greater than UC 1: Ramp 
the gate drive voltage PWM+ is high 

e.5u-

.L 
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8M + 
l . a i n s 

a U(UC1:Ranp) 
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U(UC1:D) 
1 . eiins 1 . B6ns I . eSns 1 . 1 0 M S 

T ine 

Figure 6.2 UCl buck gate drive waveforms. 

Turns Ratio 

The turns-ratio is the ratio of primary side voltage to secondary side voltage. The 

primary side voltage is simply the power voltage source, VI, which is 28 volts. To 

determine the secondary side voltage the duty cycle must be determined. The maximum 

duty cycle is determined by the ratio of turns on the two primary side windings as seen in 

Equation 2.27. For this converter the primary side turns will be identical, bus setting the 

maximum duty cycle of the converter to 50%. The secondary side voltage is the voltage 

needed to produce the required voltage across the load. The secondary side of the 

transformer will produce a voltage pulse train with duty cycle of 50%. Thus, the 

maximum voltage of the pulse train will be 2 times the desired output voltage, which 

equals 750 volts. This leaves a turns rafio of 750/28 = 26.8. In order to take into account 

losses of the diode in the ftill bridge converter a turns ratio of 27.5 was used. 
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The transformer was implemented in PSpice by coupling three inductors together. 

To get the right turns ration the following equation was used. 

TumsRatio= ( 

^P""^ (6.1) 

Lprim and Lsec are inductance values used for the primary and secondary inductors, 

respectively. Values of ImH were used for the primary inductors and 756.25mH was 

used for the secondary inductor. 

Output Inductor Value 

The output inductor value, L5, was chosen to test the boundary condition between 

continuous and discontinuous mode. The known output current is 0.26667amps. Thus a 

100% current ripple, Ai = 0.26667, was chosen to solve for L5 using Equation 2.33. L5 

was found to be 3.7mH. 

Output Capacitor Value 

With the output inductor testing a large current ripple the output capacitor, CI, 

was chosen to produce a 1% voltage ripple. With the output voltage specified at 375v, 

Av was chosen to be 3.75. Using Equation 2.37, CI was found to be 0.169uH. 

Results of Simulation 

The simulation was run and the following results were found. It is important to 

that a 50% duty cycle was used, thus there is no dead time between positive pulses. 

In Figure 6.3, VI = nl/n2*Vl is true because we chose nl = n2. This states that 

the voltage across the primary side winding has identical positive and negative voltage 

across itself for equal amounts of time. The current has also been set to the boundary 

condition for continuous conduction mode. Therefore there current begins its positive 

slope at zero. 

Again in Figure 6.4, n2/nl*Vl = VI. Identical to the primary winding, the 

magnetizing winding has positive and negative voltage across itself of equal magnitude 

and time. 
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In Figure 6.5, it can bee seen that n3/nl *V1 = n3/n2*Vl, again due to the fact that 

nl = n2. Therefore the secondary side winding has a voltage across itself of equal 

magnitude and time. 

In Figure 6.6, it is seen that n3/nl *V1 ~ 2*V. Therefore n2/nl*VI - V is 

equivalent to V. This means that the output inductor has a positive and negative voltage 

across itself of equal magnitude and time as well. It is also easy to se that the current is 

in fact near the boundary condifion of continuous conduction mode. 

Figure 6.7 shows the output voltage of the forward converter. The voltage has not 

stabilized, but it can be seen that the voltage ripple on a stable output voltage would be on 

the order of 1%, which is what was expected. 

Comparing the experimental results in the figures below to theoretical results in 

Figure 2.6, it can be seen that the developmental equations and the simulation adequately 

represent the forward converter. 
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Figure 6.3 Forward converter primary winding voltage and current. 

51 



iteu 

ou-

-nm 
1 

-

\ 

; 

1 
• 

43A-
° U ( L 2 : 2 ) - U ( L 2 : 1 ) 

00-

S E L » i 
-35f t - l -

eus 
D I ( L 2 ) 

5us IBus 15US 2eus 

Tine 

25US 30us 
- - T I 
35us 39us 

Figure 6.4 Forward converter magnetizing winding voltage and current. 

1.9KU-r 

: 

/ i 1 
, 

au-

-1 .8HU-

6e0nA-
• U ( L 3 : 1 ) - U ( L 3 : 2 ) 

an 

S E L » ; 
-600nf lH r -

Ous Sus 
o - I ( L 3 ) 

18U5 15US 2 Bus 

Time 

25US 30US 
- - - 1 1 
35us 39US 

Figure 6.5 Forward converter secondary winding voltage and current. 

52 



seou 

. . . . 

J -

\ 

6eenn 
a U(L5:1)- U(L5:2) 

25us 3 Bus 39us 

Tine 

Figure 6.6 Forward converter output inductor voltage and current. 

38B.l|U 

38B.BU 

379.8U-i 

3 7 8 . BU-

3 7 7 . BU 

3 7 6 . BU-I 

375.9U + T 
5.9ns fi.Bns 

D U(R load:1 ) 
6 .2ns 6.41115 6.6ns 6.8ns 

1 
7.0ns 

Time 

Figure 6.7 Forward converter output voltage ripple. 

53 



Construction of Forward Converter 

The construction of the forward converter will focus on two key areas, the drive 

component and the forward transformer. The output capacitor and inductor values were 

found during the implementation of simulation. These values were used so the 

simulation results can be compared to the actual results of the constructed forward 

converter. The schematic of the forward converter with all values shown during its 

construction is shovm in Figure 6.8. 
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Figure 6.8 Schematic of implemented forward converter. 

Transformer Implementation 

The transformer design is based off the premise that the number of turn in both 

primary side windings is identical. Thus using Equation 2.26 we can see that the 

maximum duty cycle is 50%. 

D _„ = 
1 1 1 

max n2 , 1 
— -h 1 - - I -
n l 1 (6.4) 

This is important when selecting the drive component. 
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Once the max duty cycle was found the number of windings can be obtained. 

Using Equation 4.1 number of windings for the primary and magnetizing winding were 

found. 

N prin,= ' ' ' ' " " ' = '-^^ =7.29^8 
• ^ " • ^ o p t ^ e 4-.08teslalOOKHz-1.37cm (6.5) 

The result yielded 7.3, but it would be difficuh to implement a fraction of a turn so the 

number of turns is rounded to the highest whole number. Again this is the number of 

windings for each primary winding. Ag is the effective cross sectional area of the core. 

An educated guess must be made as the core has not yet been selected. The number of 

secondary turns was found using Equation 4.3. 

N sec=N p H n . - ^ = 8 - ^ 5 ^ ^ ^ ^ ! ^ ^ ^ ^ = 2 1 9 . 3 4 f 
Vprim 27.5 volt ^^^^ 

The value for Vprim has been reduced from 28 volts by 0.5 volts to reflect the voltage 

drop across the transistor, which is in series with the transformer. Note at this stage of 

the design the min voltage of 24 volts was not utilized. The voltage on the secondary is a 

750-volt pulse train at 50% duty cycle. This is what is needed to pass through the low 

pass filter to obtain a 375-volt output voltage across the load. The additional 4 volts have 

been added to offset the voltage that will be lost in the forward voltage drop of the high 

voltage diodes that will be used. 

Once the numbers of windings were found, Equation 4.4 was used to find a core 

with enough winding area to accommodate all three windings. The core that was selected 

was the P34/19 from Philips. It is important to not that wire selections must be made 

based on the amount of current they must supply. 

Transistor Selection 

A MOSFET was selected for the transistor. The MOSFET selected is the 

IRF3710S from International Rectifier. The MOSFET was selected for its low on 

resistance of 0.025Q and its low rise and fall times of 59ns and 48ns, respectively. The 

low on-resistance reduces the power loss in the transformer thus increasing efficiency. 
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Drive Component Selection 

As stated eariier, Unitrode part ucc2813-5 was used as the drive component for 

the forward converter. It is a low power economy BiCMOS current mode PWM. It was 

chosen for its simplicity and the low number of external components needed. This chip 

runs at 50% duty cycle when powered by 12 voh power supply, Vcc, and operates at 

switching frequencies of up to IMHz. The output is a 1 Amp totem-pole output and the 

reference voltage generated internally by the chip is 4 volts. 

The switching frequency of the driver is controlled by the oscillator timing pin, 

RC pin 4. A timing resistor is connected from the reference pin, Ref pin 8, to RC. A 

timing capacitor is then tied from RC to ground. The equation that governs the oscillator 

speed is given below. It is important to note that the switching frequency is V^ the 

oscillator frequency. 

Oscillator frequency ̂ - \ 
timming^timming (6 2) 

Oscillator frequency = ^ =^00 KHz 

The ucc2813-5 has over-current detection. The current on the primary side can be 

sensed through the current sensing pin, CS pin 3. The over-current sensing is intended 

for fault sensing only. Once the over current voltage of 1.55 volts is exceeded the chip 

will go through a soft start cycle. 

The feedback pin, FB pin 2, handles the feedback for this component. FB is the 

inverting input to an error amplifier. The non-inverting pin is held at half the reference 

voltage. When the FB voltage exceeds the non-inverting voltage of 2 volts the gate 

voltage is held at zero. Once the FB voltage has fallen the gate drive resumes its normal 

pulse train at a 50% duty cycle. For this design the feedback loop is connected to a 

voltage source. 

The COPM pin 1 is the output of the error amplifier. This pin can be forced to 

ground to maintain a 0% duty cycle. 

For this application the output of the gate drive component was fed into a 6 A 

high-speed MOSFET driver, TC4420. This was done to ensure that the gate drive signal 
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was sufficient to drive the gate of the MOSFET. Although the MOSFET driver may not 

have necessary, it was used to ensure that the printed circuit board would not have to be 

redesigned for gate drive purposes. 

Diode Selections 

A shotky diode was used for the magnetizing winding diode. The diode selected 

was the 50SQ10 from International Rectifier. The 50SQ10 was selected primarily due to 

its low forward voltage drop and high reverse voltage, volts. The 50SQ10 also has a 

small reverse recovery time of ns and a forward current capability of amps. 

15DS60BX diodes from were used for the half bridge rectifier. They are high 

frequency soft recovery rectifier diodes. The diodes were chosen for their low reverse 

recovery and forward recovery times of 12.5ns and 70ns. The diode also has forward 

current capabilities of 15 A and a reverse blocking voltage of 600V. The low junction 

capacitance of 17 pf is also important in decreasing the turn off response time. 

Forward Transformer Results 

The results of the lOOw forward converter are seen in the figures that follow. The 

results show that the transformer used in the forward converter generates a resonant 

frequency that disturbs the natural operation of the forward converter. The resonance is 

due to the winding-to-winding capacitance. This occurs often in transformers with a large 

number of turns. 

In Figure 6.9, the current waveform begins to resonate. The current waveform 

should look like a square wave. Due to the resonance in the waveform the current also is 

at three time the normal value for this operating range. This increase in current does not 

allow the converter to reach its maximum operating voltage without failure of the mosfet. 

Heat sinks could be used however the decision was made to move on to the next topology 

and decrease the number of turns in the transformer. 
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CHAPTER VII 

IMPLEMENTATION OF lOOw BUCK FED PUSH-PULL CONVERTER 

The buck fed push-pull converter was completed in two steps, simulation and 

implementation. The basic concepts of the converter, which were discussed in its 

development, were simulated in PSpice. The specifications for the simulation are listed 

below. Again, the preliminary converter specifications differ from the final project specs. 

The output power is only 100 watts. 

The output voltage should be 1500 vohs. However if the design performs well 

the converter will have a quadrupler added to the output. Thus, the output voltage is only 

375 volts, 4 times less than 1500 vohs: 

• Minimum Input Voltage = 24 vohs; 

• Maximum Input Voltage = 32 volts; 

• Output Power = 100 watts; 

• Output voltage = 375 volts; 

• 100KHz/50KHz switching frequency; 

• lOOHz Bandwidth. 

Simulation of Buck Fed Push-Pull Schematic 

The basic concepts of the forward converter were simulated in PSpice. The 

Schematic for the simulation is shown in Figure 7.1. In order to simulate a buck fed 

push-pull converter 6 key areas were addressed. The first area to address is finding a 

drive circuit for the converter. Once the device is found a component was created in 

PSpice. The second area is finding the turns ratio for the push-pull transformer. The 

third is building the buck portion of the converter, which includes the primary side 

inductor. The fourth area to be addressed is to find the value for the output capacitor. 

The fifth issue was to address the manner in which the feedback signal will be obtained. 
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The last portion of the converter to be addressed is to design the feedback loop. Once the 

areas are addressed the simulation may be entered into PSpice and simulated. 

r 
E K1 

Figure 7.1 1 OOw buck fed push-pull converter simulation schematic. 

Drive Component 

The first issue resolved in simulating the buck fed push-pull converter was the 

continuing development of the drive component. The component that was selected for 

the implementation was Unitrode's UC2827N-1. 

The simulated Unitrode component, UCl in the schematic in Figure 7.1, works by 

comparing a generated ramp fiinction with a reference voltage. The Ramp voltage 

generated by the component can be seen at the output pin Ramp. UC 1 has an input pin D 

that is tied to the feedback loop. Again the voltage applied to this pin is the duty cycle. 

When the voltage on D is greater than the ramp voltage, the gate drive is high. When the 

voltage on D is less than the ramp voltage, the gate drive is low. Therefore as the voltage 

applied to D by the feedback loop varies, so does the duty cycle of the buck gate drive. 

The waveforms have been graphed previously in Figure 6.1. 
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The buck gate drive voltage is seen out of PWM+. It is important to note that 

PWM- must be tied to the source of the buck MOSFET. It is necessary to feed the source 

voltage into the component since the source of the MOSFET is not fied to ground. 

PWM+ must be large enough such that the difference between gate and the source is 

greater than the turn on threshold of the MOSFET. The gate drive operates at a frequency 

of 1 OOKHz, which is set by the parameter PERIOD. 

The push and the pull pins on the drive component are the gate drive to the push 

and pull MOSFETS. They operate at a frequency of Vi that of the buck gate drive, 

50KHz. with a constant duty cycle of slightly higher than 50%. The push and pull gate 

drive signals are on at opposites time with the exception that they overlap one another on 

both the rise and fall by a time interval set by the parameter BLANKING. This can be 

seen in Figure 7.2. 

10U-I 

BU-1 

iL» l 

• 

-

: 
j 

a U(M2:g) PUSH 
15U 

ieu 

5U 

I i I 

! ! ' 

I 

8U-F 
Os 1Bus 
a U(M3:g) PULL 

2au5 3BUS ItBUS 

Time 

SOUS 6eus 7aus 77us 

Figure 7.2 Push-pull gate drive waveforms. 

Turns Ratio 

Again the tums-rafio is the ratio of primary side voltage to secondary side voltage. 

The primary side voltage is the output voltage of the buck stage. The buck stage should 

be run at nearly 100% duty cycle when the input voltage is at if s minimum, 24 volts. For 
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the simulation it was estimated that the buck converter ran at a maximum of a 95% duty 

cycle. This gives a primary side voltage of 22.8 volts. To determine the secondary side 

voltage the duty cycle must be determined. The duty cycle of the push and pull 

individually is 50%. However in this, case power is transferred to the secondary side 

during both halves of the switching cycle, with the push transferring power during the 

first half of the push-pull switching cycle and the pull transferring power during the 

second half This gives an effective duty cycle of 100%. Now the secondary side DC 

voltage is essenfially the load voltage, 375. It must be noted that no voltage is transferred 

during the fime interval when both the push and the pull MOSFETS are on. If this time is 

minimized, the effect of having no voltage across the secondary can be neglected with an 

adequate size capacitor to hold the output voltage across the load. This leaves a turns 

ratio of375/22.8 = 16.45. 

The transformer was implemented in PSpice by coupling three inductors together. 

To get the right turns ration the following equation was used. 

TumsRatio= 
Lprim (7 1) 

Lprim and Lsec are inductance values used for the primary and secondary inductors 

respectively. Values of ImH were used for the primary inductors and 270.5mH was used 

for the secondary inductor. 

Input Inductor Value 

The input inductor value, LI, was chosen from available components in the lab. 

An inductor with a value of 70uH was used. From Equation 3.32, the current ripple 

through the inductor was found to be 0.3 A. 

V l - i l l v 28-volt-_L-125-volt 

A i L , = — — ^ ^ D T g= — ..86510.10"^ sec=.233 A 
2L1 27010r^H (7 2) 

This is acceptable as the inductor current is found to be 20.636 amps from Equation 3.13. 

It is important to note that the resistance is reflected from the load end of the converter 
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directly to the secondary by dividing the load resistance by the square of the 

multiplicafion factor of the octupler, 8 .̂ 

. _ V 1 D _ 28volt-.865 ^ ^ , 
111= = =20.636 A 

Rref 1 2000 . 
'^' ohm 

5.16^ 8̂  (7.3) 

Output Capacitor Value 

The output capacitor, C, value was chosen from available components in the lab. 

A capacitor with a value of 0.15uH was used. From Equafion 3.28, the voltage ripple on 

the output capacitor is found to be 0.33 volts. 

^y^Yilz^.j 2^ 375vo l t ( l - . 81 ) -U010-sec ; ^Q^W 

8L1C1 816.4^-7010"^henry.l510"^farad 

(7.4) 

Feedback Signal 

Sampling the load voltage generates the feedback signal. The signal can then be 

transmitted to an error amplifier. Isolation is required for the feedback signal as it is 

transmitted from the secondary back to the primary side of the converter. This is 

accomplished by using a high speed, high common mode rejection ratio amplifier. The 

+/- load voltage is fed into the non-inverting and inverting pin respectively through a pair 

of IMQ resistors. The IMQ resistors will provide sufficient isolation between the 

primary and secondary side of the converter. The gain of the amplifier is set to 0.001 by 

placing a IkQ. resistor between the amplifier output to the inverting pin and by placing 

another IkQ resistor between the non-inverting pin and ground. 

Feedback Design 

For the feedback implementation the phase and gain plots of the converter. It is 

important to remember that the push-pull converter stage operates at nearly a 100% duty 

cycle. Thus, load resistor can be reflected to the primary side. The buck fed push-pull 

converter is this transformed into a single stage buck converter as viewed in Figure 3.2. 
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The transformed buck converter is then used to obtain the phase and gain plots. The load 

resistor and capacitor values are found using Equations 3.1 and 3.2. 

^ re r 
/ n l _ \ ' ^ 

\n2J 
Rl=16.4^140^5.33 

nl 
^ r e r — •Cl=16.4^-.15n=.000568n 

n2/ 

(7.5) 

(7.6) 

The transformed buck converter was simulated in Pspice as shown in Figure 7.3 

AVG PWM2 

V_clc 

32V 
\ . Vac (̂ •-vj 

L 

70u 

Out 

000568U < 

V 
A D2 

ACMAG=100mV 
DC=0.8V 

-T 

^ RJoad 

5.33 

Figure 7.3 Transformed buck converter. 

The phase and gain plots are shown in Figure 7.4. 
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Figure 7.4 Phase and gain plot of transformed buck converter. 
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The phase and gain at the cross over frequency (band width) are shown in Figure 

7,4 in the probe cursor window. AI represents the phase, -2.3901, and A2 represents the 

gain, 3.3034. Using Equation 5.1 it can be seen that the phase boost necessary is negative 

and thus none is required. 

boost=M- P - 90=45- (-.472)- 90=-42.61 ( 7 7 ) 

Since a phase boost is not necessary, a type I amplifier was used. Equation 5.2, 

was used to find the capacitor value. It should be noted that the built in error amplifier on 

the UC2827N-1 was used for the type I amplifier. 

Cl= ! = ! =4.81410"'' F 
2-71 f-GRl 2-7t •100000HZ-3.30610000Q (7.8) 

Results of Simulation 

The simulation was run and the following results were found. It is important to 

that the buck converter used an 81% duty cycle for the buck transistor. 

In Figure 7.5, it can be seen the voltage equations for the input inductor, Equation 

3.5, holds true for subinterval 1 and Equation 3.7 also holds true for subinterval 2. The 

current ripple is also seen to be about 0.285 amps which is comparable to the theoretical 

ripple of 0.3 amps. 

Vj^j=VI- \ te28voit- .81-28 volt=5.3 volt ^ 

Vj^j=-\fe.81-28volt=22.7volt (1 ]0\ 

Figure 7.6 shows the current and voltage across the push winding of the 

transformer. It can be seen that the voltage is the equal to the output of the buck stage, 

22.7 volts during subinterval 1 and -22.7 vohs, during subinterval 2. The current can 

also be seen to be equal to the current through the input inductor LI during the 

subinterval 2. 

Figure 7.7 is similar to Figure 7.6. It shows the current and voltage across the 

pull winding of the transformer. It can be seen that the voltage is the equal to the 

negative output of the buck stage, -22.7 vohs, during subinterval 1 and 22.7 volts during 

67 

file:///te28voit


subinterval 2. The current can also be seen to be equal to the current through the input 

inductor LI during the subinterval 1. 

Figure 7.8 shows the voltage and current across the secondary winding. The 

voltage and current of the primary side muhiplied by the turns rafio and inverse of the 

turns ratio respecfively given by Equafions 3.33 and 3.36 to get the secondary winding 

voltage and current. Note that the values switch from positive to negative depending on 

the subinterval. 

. nl . 1 
1 3=— 11= -4.311 amp=.262 amp 

n2 16.45 (7 11^ 

V3=—v j=22..716.43=373.42 

"' (7.12) 

In Figure 7.9, it is seen that the voltage ripple is 0.44 vohs. This value is 

comparable to the theoretical value of 0.31 volts. 

Figure 7.10 shows the output voltage and current of the forward converter while 

the input voltage is swept at 50Hz from 24 vohs to 32 volts. With the input voltage 

source at 50Hz the feedback loop should be able to compensate the buck gate transistor 

duty cycle in order to maintain the specified output voltage. The red lines in the graphs 

represent the specified output voltage and current of 375 volts and 0.2667 amps. It can 

be seen that the output voltage and current do conform to the desired values with only a 

small amount of ripple associated with the feedback design. This illustrates that the 

converter has the specified bandwidth of lOOHz. This figure also illustrates that the 

output power is 100 watts as specified. 

Comparing the simulation results in the figures below to theoretical results in 

chapter III, it can be seen that the simulation adequately represent the developmental 

equations of the buck fed push-pull converter. It should be noted that current and voltage 

ripples vary slightly from the theoretical. Initially no ripple was attributed to the push-

pull stage of the converter. But due to the simulation this proves to be an area of further 

development. 
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Figure 7.5 lOOw buck fed push-pull inductor voltage and current. 
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Figure 7.6 1 OOw buck fed push-pull push winding voltage and current. 
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Figure 7.7 1 OOw buck fed push-pull pull winding voltage and current. 
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Figure 7.8 lOOw buck fed push-pull secondary winding voltage and current. 
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Construction of Buck Fed Push-Pull Converter 

The construction of the buck fed push-pull converter will focus on two key areas, 

the drive component and the push-pull transformer. The input inductor and the output 

capacitor and inductor values were found during the implementation of simulation. 

These values were used so the simulation resuhs can be compared to the actual results of 

the constructed buck fed push-pull converter. The schematic of the buck fed push-pull 

converter v^th all values shovm during its construction is shovm in Figure 7.9. 
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^ • v V v J i i -

_2L|(.M12a 

-Bfi-.,^iiiac^ 

vccjnd 
lOuJ J lOOu 12"7 

1000K r-' po«»«r_ouij()nd 

Rt9 

R31 
Ik 
: P8 

R32 

mm *~^iC^ 
lOuH 12 O — = * -

csa feed >ai;l 

Figure 7.11 Schematic of implemented 1 OOw buck fed push-pull converter. 

Transformer Implementation 

Using Equation 4.1 number of windings for the primary and magnetizing winding 

were found. 
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N prin,= " P " " ^1 :̂2!̂  =7.962=8 
'^ '^ '^opt '^e 4-.107tesla-50KHz-.939cm (7.13) 

The result yielded 7.97 turns. Again the number of turns is rounded to the highest whole 

number. This is the number of windings for each primary winding. An educated guess 

must be made, as the core has not yet been selected. The number of secondary turns, 

130, was found using Equation 4.3. 

>̂  sec=N p r i m ^ = 8 i ^ i ^ ' i ± l ^ = 1 2 9 . 0 2 , 
prim 23.5 volt ,_ ... 

The input voltage source is now 24 volts, which is the lowest voltage that must be 

stepped up to reach the output voltage. The voltage drop across the transistor, 0.5 volts, 

must be subtracted from voltage source to find the value for Vprim. The value for Vprim 

does not reflect the buck step dovm stage, which proved to be detrimental to the 

functionality of the converter. The voltage on the secondary is a voltage pulse train of 

375 at approximately 100% duty cycle, 375 volts DC. The 375 volts is what is specified 

as the output voltage. The additional 4 volts have been added to offset the voltage that 

will be lost in the forward voltage drop of the high voltage diodes that will be used. 

Once the numbers of windings were found. Equation 4.4 was used to find a core 

with enough winding area to accommodate all three windings. The core that was selected 

was the P26/16 from Philips. Again the wire selections must be made based on the 

amount of current they must supply. 

Drive Component Selection 

As stated earlier, Unitrode part UC2827N-1 was used as the drive component for 

the buck fed push-pull converter. It is a buck current/voltage fed push-pull controller. 

For this project, current mode control was used in order to prevent saturation of the core. 

The chip operates at switching frequencies of up to 500KHz. Regulation of the output 

voltage is achieved by controlling the duty cycle of the buck gate drive signal. 

The chip is powered by 12-volt power supply connected to the VCC. pin 23. 

Under voltage lockout occurs when VCC falls below 8.8 volts. Under voltage lockouts 
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disable the BUCK, PUSH and PULL outputs of the chip. A diode must be placed 

between VCC and V+, pin 1, of the chip. This is used to charge the reservoir capacitor [6]. 

It is important to note that the UC2827N-1 has two separate ground pins, GND 

pin 11, and PGND. POND is the ground connecfion for the PUSH and PULL outputs. 

POND should be connected to GND only at one single point on the printed circuit board. 

This is to prevent large high frequency currents from flowing through the chip. 

V+ is the supply voltage for the buck gate drive output. A reservoir capacitor is 

connected between VCC and SRC, pin 3. h's voltage is monitored by the under voltage 

circuitry of the BUCK. 

SRC is the source connecfion for the floating MOSFET of the buck converter. 

The SRC voltage must be less than 90 vohs - VCC and may go dovm to -2 volts. 

The BUCK, pin 2, output is a floafing gate drive designed to control an N-channel 

MOSFET with a peak sink and source current of 1 A. The buck gate drive signal is 

disabled for all under voltage faults. 

RAMP, pin 5, is fed into a non-inverting input of the buck PWM comparator after 

a 700m-volt shift. Connecfing a capacitor from RAMP to GND and a resistor from YCC 

to RAMP generates the ramp waveform. 

The error amplifier non-inverting input, inverting input and output pin are the 

CEA+, CEA- and CEAO pins respectively. CEA- is connected to the feedback signal. 

The feedback signal is generated by sampling the output load voltage using a difference 

amplifier. The amplifier chosen was the NTE859 from NTE. This amplifier was chosen 

due to its high common mode rejection ratio. The difference amplifier was set up 

identical to that in the simulation. The reference voltage provided by the chip is passed 

through a voltage divider to supplies the supply CEA+ with a reference voltage. The 

voltage divider comprises of a series connection of a 4.7K and a 1 IK resistor to ground. 

This yields a reference voltage of 3.7-volts. The current error amplifier was set up as a 

type I amplifier using the closest capacitor value found to that used in the simulation. 

CEAO is then fed into the inverting input of the PWM comparator of the buck gate drive. 

The comparator works in the same manner as the drive component part developed for the 

simulation displayed in Figure 6.2. 
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REF provides an internally generated reference voltage of 5v which should be 

bypassed to ground using a .luF capacitor. 

This chip runs the PUSH, pin 24, and PULL, pin 22, gate drives at a duty cycle of 

slightly over 50%, which cause a small overlap of the two gate drive signals when 

operated in current fed mode. The push and pull output are ground referenced gate drives 

that switch at half the frequency of the buck gate drive. 

A Resistor connected from Delay, pin 4, to GND governs the overlap time of the 

PUSH and PULL outputs. Equation 7.15 gives the delay time delay time. 

^ , ^ DELAY, ^-9 Delays 10 ^ sec 
200.Q ^ 7 j 3 ^ 

The timing capacitor, CT pin 18, and the timing resistor, RT pin 17, control the 

switching frequency of the driver. A timing capacitor is then tied from CT to ground. 

The current through the capacitor is roughly 40 times greater than the current through the 

timing resistor. The maximum current allowed through the timing capacitor is 20mA. 

The timing resistor is connected from RT to ground. This resistor programs the charge 

current of the timing capacitor. Equafion 7.15 gives the frequency of the oscillator. 

Equation 7.16 gives the current through the timing resistor. 

77 
osillator m, ^T, 

^^^^ (7.16) 

REF 
Charging-^ ;^ ^y 17) 

The soft start pin, SS, is pin 4. It requires a capacitor to GND. In an under 

voltage lock out the SS pin is held low. 

Pin 19, SYNC, is a bi-directional pin of the oscillator. It is used to synchronies 

more multiple chips in parallel to the fastest oscillator. For this project only one chip is 

used and thus the pin is tied to GND through a resistor. The value of the resistor should 

be less than \YSl to increase the fall time of the signal at SYNC. 

The current sensing amplifier, which comprises of CSA+, CSA- and CSAO. is 

used to detect over current faults. This was designed to sense the current passing through 

the push and pull MOSFETS with a current sensing transformer. A sensed current passed 

through a fiill bridge rectifier and through a resistor to generate a voltage. This voltage is 
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fed into the current sensing amplifier that was configured as a type 1 amplifier. Once an 

over current fault is detected the chip disables the buck gate drive current. This feature 

was designed into the printed circuit board but not implemented. 

The chip also has a voltage error amplifier consisting of VE+, VE- and VEO that 

was not used for development purposes. 

Transistor Selection 

The IRF3710S from Intemafional Recfifier was used once again for all switches. 

Diode Selections 

The 15DS60BX diodes from were used again for the fijll bridge rectifier. 

Buck Fed Push-Pull Results 

The following figures show that the converter waveforms match closely the 

waveforms generated in the simulation. The plots were generated with the buck fed 

push-pull converter having an input voltage of 28 volts. 

Figure 7.12 shows the inductor current wave forms. Note that the voltage 

disturbance during the transition from positive to negative is seen when both mosfets are 

on. The voltage at this time should be 0 volts, but there is some ringing which should be 

addressed in further studies too see if it causes unnecessary power loss. 

Figure 7.13 and Figure 7.14 show the push and pull winding wave forms. The 

trigger on the oscilliscope was set for the rise transition for both waveforms. Thus the 

waveforms seem to be on at the same time when they are not. The push and pull mosfets 

are on during different switching subintervals as discussed earlier. 

Figure 7.15 displays the secondary wave forms. Again it can be seen that power is 

transferred to the secondary during both subintervals. 

Figure 7.16 Displays the output waveforms of the buck fed push-pull, while fed 

push-pull output waveforms. 

shows the output results of the converter operating over multiple input voltages. 
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Table 7.1 1 OOw buck fed push-pull converter results. 

Voltage In 
24.06 
25.04 
26.02 
27.04 
28.04 
29.02 
30.02 
31.01 
32.01 
28.03 

Current In 
4.64 
4.45 

4.3 
4.125 
3.975 

3.84 
3.71 
3.59 

3.475 
4.02 

Power in 
111.6384 

111.428 
111.886 

111.54 
111.459 

111.4368 
111.3742 
111.3259 

111.23475 
112.6806 

Voltage Out 
378.6 
378.5 
378.7 
378.6 
378.7 
378.4 
378.5 
378.4 
378.6 
378.6 

Current Out 
0.2655 
0.265 
0.266 

0.2655 
0.265 

0.2655 
0.2655 
0.2655 
0.265 
0.265 

Power Out 
100.5183 
100.3025 
100.7342 
100.5183 
100.3555 
100.4652 

100.49175 
100.4652 

100.329 
100.329 

Efficiency 
90.04 
90.02 
90.03 
90.12 
90.04 
90.15 
90.23 
90.24 
90.20 
89.04 
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CHAPTER VIII 

IMPLEMENTATION OF 500w BUCK FED PUSH-PULL CONVERTER 

The topology that best suks the design of the 500w power supply is the buck fed 

push-pull converter. During the design of the forward converter the number of turns in 

the secondary side caused the transformer to resonate. Using the buck fed push-pull it is 

possible to reduce the number of turns by half The quadrupler that was initially intended 

to be used will also be replaced by an octupler further reducing the number of turns to VA 

the number of turns in the forward converter. With the reduced number of turns the 

transformer no longer resonated and the transformer size was reduced by almost half of 

what a forward converter would call for. The reduced size of the transformer coupled 

with the added robustness of the buck fed push-pull converter were the reason for this 

choice in topology. 

Again the buck fed push-pull converter was completed in two steps, simulation 

and implementation. The circuit was again simulated in Pspice and includes the voltage 

octupler to achieve the fiill-specified voltage. The specifications for the simulation are 

listed below. 

Minimum Input Voltage = 24 volts 

Maximum Input Voltage = 32 volts 

Output Power = 500 watts 

Output voltage = 1000 vohs 

100KHz/50KHz switching frequency 

50Hz Bandwidth 

Simulation of 500w Buck Fed Push-Pull Schematic 

The basic concepts of the forward converter were simulated in PSpice. This 

simulation includes the octupler that will take the secondary voltage of the transformer, 
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125-volts, and boost h to 1000-vohs. The Schematic for the simulation is shown in 

Figure 8.1. In order to simulate a buck fed push-pull converter 7 key areas were 

addressed. Of the 7 key areas, 2 were addressed previously during the implementation of 

the 500-watt power supply. The following areas will remain the same: The drive circuit 

for the converter and the manner in which the feedback signal is obtained. The first area 

addressed is finding the turns ratio for the push-pull transformer. The next issue is 

building the buck portion of the converter, which includes the primary side inductor. The 

third portion of the converter to be addressed is to design the feedback loop. The last 

area to addressed is the design of the octupler, which takes the place of the output 

capacitor. Once the areas are addressed the simulation may be entered into PSpice and 

simulated. 

X" 
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L2 
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lOOuH 
L3 
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2u 

C16 

crs. \l U:^ ^ ^h 
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2 
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Ih 
2u 
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- l l~ 
2u 

-D16 

^jm^l 
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1u 
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RIO 
2 5k 
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Figure 8.1 5OOw buck fed push-pull converter simulation schematic. 

Drive Component 

The same drive component is used for the 500-watt buck fed push-pull converter 

as the 100-watt converter. 
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Feedback Signal 

The feedback is signal detected in the same manner as that used in the 100-watt 

power supply. The signal is passed through a difference amplifier with a gain of 0.0025. 

Turns Ratio 

Again the turns-ratio is the ratio of primary side voltage to secondary side voltage. 

The primary side vohage is the output voltage of the buck stage. The buck stage should 

be run at nearly 100% duty cycle when the input voltage is at it's minimum, 24 volts. 

The simulation was expected to run at 95% duty cycle. This gives a primary side vohage 

of 22.8 volts. To determine the secondary side voltage the duty cycle must be 

determined. The effective duty cycle of the push and pull, as stated previously, is 100%. 

Now the secondary side DC voltage is essentially the load voltage divided by 8, the 

octupler, which is 125-volts. This leaves a turns ratio of 125/22.8 = 5.48. 

The transformer was implemented in PSpice by coupling three inductors together. 

To get the right turns ration the following equation was used. 

Turns Rati o= 

^Prim (8.1) 

Lprim and Lsec are inductance values used for the primary and secondary inductors 

respectively. Values of ImH were used for the primary inductors and 32mH are used for 

the secondary inductor. An extra 2mH are added to compensate for any losses that will 

occur in the converter, 

Input Inductor Value 

The input inductor value, Ll, was chosen fi-om available components in the lab. 

An inductor with a value of lOuH was used. From Equation 3.32, the current ripple 

through the inductor was found to be 0.2.25A. 

V l - i l l - V 2 8 v o l t - — 1 2 5 v o l t 

A i j^,= I ^ D T 5= — •.8651010"^sec=2.245 A 

2"^^ 21010"^H (8.2) 

This is acceptable as the inductor current is found to be 22.87 amps from Equation 3.13. 
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•, =XL2-
Ll 

28-volt-.85 

R ref 1 
—=22.871 A 

5.48 -̂8^ 
•2000ohm 

(8.3) 

Feedback Design 

The feed back design becomes more complicated when the octupler is added to 

the secondary side of the converter. The load becomes nonlinear and becomes difficuh to 

reflect to the primary side of the converter. Thus the bode plots can not be generated as 

they were in the past. The open loop phase and gain were taken by placing a small AC 

signal with an amplitude of 0.1 vohs directly into the signal that controls the duty cycle. 

This can be seen in Figure 8.2. 

PARAMETERS: 
Period lOu 
Blanking SOn 

Tier jy24 

^m 
r 

M2 

m 

m Ki 

C0UPLING=1 

L3 

2u 

i 14 

roi. 

2u 

C12 

D10 

C16 

C13 

2u 

C14 

2 

h P15 11 Iu 

C18 

C17 

i~T 
- D 1 1 ii2 "̂ 

1u 

C15 

R10 25k 

-15 

Îh'̂ : U1A 

- ^ ^ 1000k 

V4' 

" 15 2.5k§R9 

-D16 

R13 

2000 

- D 1 7 

Figure 8.2 500w buck fed push-pull open loop circuit. 

Then the load voltage is plotted along with the duty cycle signal in Figure 8.3. The 

amplitude of the AC signals are used to determine the gain and the phase is determined. 

The frequency used for the AC signal, which is the crossover frequency, was 50Hz, the 

bandwidth 
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Figure 8.3 500w load voltage versus duty signal voltage. 

At this point the phase is less than 5° and the gain is 2.9. Using Equation 5.1 it 

can be seen that the phase boost necessary is negative and thus none is required. 

boost =M - P - 90=45- (- 5) - 90=- 40 8.4) 

Since the phase boost is less than 0°, a type I amplifier is used. The value dfor the 

capacitor is given in Equations 5.2 It should be noted that the built in error amplifier on 

the UC2827N-1 was again used for the type I amplifier. 

J = ! =0.11 nF 
2-7ifGRl 2-71-50 Hz-2.910000 Q 8.5) 

Cl=-

Octupler Design 

The design for the octupler was taken form the fifteenth annual Applied Power 

and Electronics Conference and Exposition 2000 short course manual. In the Course 

titled Selecting Switchmode Toplogies for Various Applications, Bruce Carsten pictures 

a full wave voltage octupler. The octupler is seen in Figure 8.4. The octupler was 
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simulated in Pspice using a rectangular wave with voltage range of+/- 125 volts with an 

output voltage of 1000 volts. As can bee seen in Figure 8.5, the voltage gain is 8. 

Li 

,̂ T 

.R3 .iuH 
>.001 

C15 
[-

.3u 

C11 

1 D9 TOJ 

C14 

.3u 

C13 
Hh-

.15u no 
D11 .15u 

C10 

C9 

OJ 

D15 

R 4 ^ 2 k 

.3u 
^ 

.3u 
D14 m2L iP'' -1D12 

.15u 

C16 C12 

Figure 8.4 Octupler circuit. 
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O.Uns 0.6ns 

Figure 8.5 
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Octupler output waveforms. 

1.6ns 1.8ns 2.0ns 

Results of Simulation 

The simulation was run and the following results were found. It is important to 

that the buck converter used an 85% duty cycle for the buck transistor. 
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In Figure 8.6 it can be seen the voltage equations for the input inductor. Equation 

3.5, holds true for subinterval 1 and Equation 3.7 also holds true for subinterval 2. The 

current ripple is also seen to be about 2.0 amps, which is comparable to the theoretical 

ripple of 2.45 amps. 

V , j = V l - V=s28 volt- .85-28 volt=4.2 V 
(8.6) 

VLr-V=.85-28volt=23.8V 

It is important to notice that the current through the inductor ramps up in a non linear 

fashion. The inductor and the capacitors in the octupler form a resonant tank. The 

capacitor values of the octupler are chosen to be small. The smaller the capacitor values 

the less phase delay will be added to the system. This in turn allows for a simpler 

feedback design. However choosing values that are too small can cause the current 

during subinterval to rise and fall in a sinusoidal fashion. If the current begins to fall 

during subinterval 1 then the voltage seen across the inductor will begin to fall. The 

vohage may fall so low that the voltage is actually negative during subinterval 1, where 

the voltage is not supposed to be negative until the second interval. 

Figure 8.7 shows the current and voltage across the push winding of the 

transformer. It can be seen that the voltage is the equal to the output of the buck stage, 

0.85 * 28 volts = 23.8 volts during subinterval 1 and -23.8 volts, during subinterval 2. 

The current can also be seen to be equal to the current through the input inductor L1 

during the subinterval 2. 

Figure 8.8 is similar to Figure 8.7. It shows the current and voltage across the 

pull winding of the transformer. It can be seen that the voltage is the equal to the 

negative output of the buck stage, -23.8 volts, during subinterval 1 and 23.8 volts during 

subinterval 2. The current can also be seen to be equal to the current through the input 

inductor Ll during the subinterval 1. 

Figure 8.9 shows the voltage and current across the secondary winding. The 

voltage and current of the primary side multiplied by the turns ratio and inverse of the 

turns ratio respectively given by Equations 3.33 and 3.36 to get the secondary winding 

voltage and current. Note that the values switch from positive to negative depending on 

the subinterval. 
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- n l . . 1 

n2 5.48 
' 3 — ~ * 1*TT::"22.871 amp=4.174amp 

n2 
V 3=—V 1=22.7-5.48 volt= 124.396volt 

nl 

(8.8) 

(8.9) 

In Figure 8.10, it is seen that the voltage ripple is 3 vohs. This value is 

comparable to the theoretical value of 4.25 vohs. Seen in the octupler simulafion. 

Figure 8.11 shows the output voltage and current of the forward converter while 

the input voltage is swept at 25Hz from 24 vohs to 32 vohs. With the input voltage 

source at 50Hz, the feedback loop should be able to compensate the buck gate transistor 

duty cycle in order to maintain the specified output voltage. The red lines in the graphs 

represent the specified output voltage and current of 1000 vohs and 0.5 amps, h can be 

seen that the output voltage and current do conform to the desired values with only a 

small amount of ripple associated with the feedback design. This illustrates that the 

converter has the specified bandwidth of 50Hz. This figure also illustrates that the output 

power is 500 watts as specified. 

Comparing the simulation resuhs in the figures below to theoretical results in 

Chapter 3, it can be seen that the simulation again adequately represent the 

developmental equations of the buck fed push-pull converter. 

ISfl-

Figure 8.6 500w buck fed push-pull inductor voltage and current. 
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Figure 8.7 500w buck fed push-pull push winding voltage and current. 
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Figure 8.8 500w buck fed push-pull pull winding voltage and current. 
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Figure 8.9 500w buck fed push-pull secondary winding voltage and current. 
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Figure 8.10 500w buck fed push-pull load voltage ripple. 

89 



ItOU 

28U 

2.8K 

-O.OK-^ 

soon 

SEL» 

38ns 35ns 

Tine 

Figure 8.11 500w load voltage and current vs. varying input voltage. 

Construction of 500w Buck Fed Push-Pull Converter 

The construction of the buck fed push-pull converter focuses on two key areas, 

the drive component and the push-pull transformer. The input inductor and the output 

capacitor and inductor values were found during the implementation of simulation. 

These values were used so the simulation results can be compared to the actual results of 

the constructed buck fed push-pull converter. The schematic of the buck fed push-pull 

converter with all values shovm during hs construction is shown in Figure 8.12. 
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Figure 8.12 Schematic of implemented 5OOw buck fed push-pull converter. 

Transformer Implementation 

Using Equation 4.1 number of windings for the primary and magnetizing winding 

were found. 

N „ • =- prim _ 32-volt -=7.963=4 
P""^ Kf-f-Bopt-Ag 4..200-tesla-50-KHz-2.02-cm^ (8.10) 

The result yielded 7.96 turns. Again the number of turns is rounded to the highest whole 

number. This is the number of windings for each primary winding, 8. An educated guess 

must be made, as the core has not yet been selected. The number of secondary turns, 21. 

was found using Equation 4.3. 
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N s e c = N p r i , ^ = 4 - i ^ £ l ^ ! i ± l Z 2 ! l = 2 1 . 9 5 ^ 2 2 
Vprim 23.5volt ^^ j ^ ) 

The input voltage source is now 23.5 vohs, which is the lowest voltage that must be 

stepped up to reach the output voltage. The voltage drop across the transistor, 0.5 volts, 

must be subtracted fi-om voltage source to find the value for Vprim. The value for Vprim 

does not reflect the buck step down stage, which proved to be detrimental to the 

ftmctionality of the converter. The voltage on the secondary is a voltage fiill square wave 

of+/- 125 at approximately 50% duty cycle, recfified to 125 volts DC. The additional 4 

volts have been added to offset the voltage that will be lost in the forward voltage drop of 

the high voltage diodes that will be used in the octupler. 

Once the numbers of windings were found. Equation 4.4 was used to find a core 

with enough winding area to accommodate all three windings. The core that was selected 

was the P36/22 from Philips. Again the wire selections must be made based on the 

amount of current they must supply. 

Drive Component Selection 

As stated earlier, the same Unitrode part, UC2827N-1, was again used as the drive 

component for the buck fed push-pull converter. It is a buck current/voltage fed push-

pull controller. For this project, current mode control was used in order to prevent 

saturation of the core. The chip operates at switching frequencies of up to 500KHz. 

Regulation of the output voltage is achieved by controlling the duty cycle of the buck 

gate drive signal. 

The operations and implementation of the drive component is identical to the 

previous implementation for the 1 OOw buck fed push-pull converter except for the error 

amplifier implementation. The error amplifier non-inverting input, inverting input and 

output pin are the CEA-H, CEA- and CEAO pins respectively. CEA- is connected to the 

feedback signal. The feedback signal is generated by sampling the output load voltage 

using a difference amplifier. The amplifier chosen was again the NTE859 from NTE. 

The difference amplifier was set up identical to that in the simulation. The reference 

voltage provided by the chip is passed through a voltage divider to supplies the supply 
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CEA+ with a reference voltage. The voltage divider comprises of a series connection of 

two IK resistors to GND. This yields a reference voltage of 2.5-vohs. The current error 

amplifier was set up as a type I amplifier using the closest capacitor value found to that 

used in the simulation. CEAO is then fed into the inverting input of the PWM 

comparator of the buck gate drive. The comparator works in the same manner as the 

drive component developed for the simulafion displayed in Figure 6.2 

Transistor Selection 

The IRF3710S from Intemafional Recfifier was used once again for all switches. 

Diode Selections 

The 15DS60BX diodes fi-om were used again for the fiill wave octupler. 

Forward Transformer Results 

The results of the forward converter are shown in the Figures below. 

Component Ratings 

All component ratings have been developed in the previous chapter with the 

exception of the octupler diode. The diodes must be rated to handle 2 times the input 

voltage, 

500w Buck Fed Push-Pull Resuhs 

The following figures show that the converter waveforms match closely the 

waveforms generated in the simulation. The plots were generated with the buck fed 

push-pull converter having an input voltage of 28 volts. 

Figure 8.13 shows the inductor current waveforms. Note that the voltage 

disturbance during the transition from positive to negative is seen when both mosfets are 

on. The voltage at this time should be 0 volts, but there is some ringing which should be 

addressed in fiirther studies too see if it causes unnecessary power loss. 

Figure 8.14 and Figure 8.15 show the push and pull winding waveforms. The 

trigger on the oscilliscope was set for the rise transition for both waveforms. Thus the 
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waveforms seem to be on at the same time when they are not. The push and pull mosfets 

are on during different switching subintervals as discussed earlier. 

Figure 8.16 displays the secondary wave forms. Again it can be seen that power 

is transferred to the secondary during both subintervals. 

Figure 8.17 Displays the output waveforms of the buck fed push-pull, 

while Table 8.1 shows the output results of the converter operating over muhiple input 

voltages and output loads. 

*«;»V»«*»^«V,,^>»***^'*' 

Figure 8.13 500w buck fed push-pull inductor waveforms. 
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Figure 8.14 500w buck fed push-pull pull \\a\ efoni 
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Figure 8.15 500w buck fed push-pull pull wavetorms. 
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Figure 8.16 500w buck fed push-pull secondary waveforms. 
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Figure 8.17 500w buck fed push-pull output waveforms. 
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Table 8.1 500w buck fed push-pull converter results. 

Resistance 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

800 

800 

800 

800 

800 

800 

800 

800 

800 

600 

600 

600 

600 

600 

600 

600 

600 

600 

Input 
Voltage 

24.02 

25.03 

26.02 

27.01 

28.06 

29.01 

30.08 

31.05 

32.05 

24.02 

25.01 

26.11 

27.05 

28.04 

29.06 

30.03 

31.05 

32.04 

24.04 

25.01 

26.12 

27.02 

28.00 

29.09 

30.06 

31.08 

32.05 

Input 
Current 

3.72 

3.87 

4.04 

3.94 

3.76 

3.67 

3.57 

3.45 

3.34 

4.64 

4.86 

5.05 

4.93 

4.77 

4.62 

4.49 

4.34 

4.21 

6.16 

6.27 

6.52 

6.39 

6.20 

6.01 

5.80 

5.66 

5.41 

Input 
Power 

89.3544 

96.8661 

105.1208 

106.4194 

105.5056 

106.4667 

107.3856 

107.1225 

107.0470 

111.4528 

121.5486 

131.8555 

133.3565 

133.7508 

134.2572 

134.8347 

134.7570 

134.8884 

148.0864 

156.8127 

170.3024 

172.6578 

173.6000 

174.8309 

174.3480 

175.9128 

173.3905 

Output 
Voltage 

920.98 

962.58 

999.14 

1005.39 

1002.11 

1002.75 

1003.23 

1001.37 

1000.30 

917.34 

954.33 

996.87 

1001.08 

1002.41 

1002.92 

1005.38 

1003.15 

1003.08 

919.92 

957.19 

999.84 

1003.51 

1003.60 

1007.95 

1004.67 

1007.92 

1004.33 

Output 
Current 

0.09 

0.09 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.11 

0.12 

0.12 

0.12 

0.12 

0.12 

0.12 

0.12 

0.12 

0.15 

0.15 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

Output 
Power 

84.3618 

91.2526 

98.9149 

99.9358 

98.8080 

99.2723 

99.3198 

98.7351 

98.6296 

104.9437 

113.7561 

123.0138 

123.9337 

124.0984 

124.1615 

124.6671 

124.1900 

124.1813 

139.3679 

147.4073 

159.4745 

161.0634 

161.5796 

162.2800 

161.7519 

162.2751 

159.6885 

Efficiency 

94.41 

94.20 

94.10 

93.91 

93.65 

93.24 

92.49 

92.17 

92.14 

94.16 

93.59 

93.29 

92.93 

92.78 

92.48 

92.46 

92.16 

92.06 

94.11 

94.00 

93.64 

93.28 

93.08 

92.82 

92.78 

92.25 

92.10 
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Table 8.1 Continued 

Resistance 

400 

400 

400 

400 

400 

400 

400 

400 

200 

200 

200 

200 

200 

200 

200 

200 

200 

Input 
Voltage 

25.00 

26.11 

27.04 

28.05 

29.05 

30.08 

31.01 

32.03 

24.05 

25.05 

26.00 

27.06 

28.02 

29.08 

30.14 

31.00 

32.79 

Input 
Current 

9.82 

10.24 

10.28 

9.93 

9.58 

9.46 

9.14 

8.84 

17.00 

17.40 

18.00 

18.90 

19.55 

20.15 

19.25 

18.90 

17.60 

Input 
Power 

245.5000 

267.3664 

277.9712 

278.5926 

278.2990 

284.5568 

283.4314 

283.1452 

408.8500 

435.8700 

468.0000 

511.4340 

547.7910 

585.9620 

580.1950 

585.9000 

577.1040 

Output 
Voltage 

947.04 

987.48 

1006.49 

1003.48 

1000.39 

1006.39 

1007.16 

1003.86 

846.82 

879.55 

912.52 

946.60 
984.17 

1007.97 

1004.30 

1010.11 

1006.92 

Output 
Current 

0.24 

0.25 

0.26 

0.26 

0.26 

0.26 

0.26 

0.26 

0.43 

0.44 

0.45 

0.48 

0.51 

0.51 

0.51 

0.51 

0.51 

Output 
Power 

229.6572 

247.8575 

257.1582 

257.3926 

256.0998 
261.6614 

259.3437 

256.9882 

361.5921 

389.6407 

406.8927 

452.4748 

497.0059 

511.0408 

507.1715 

514.1460 
513.5292 

Efficiency 

93.55 

92.70 

92.51 

92.39 

92.02 

91.95 

91.50 

90.76 

88.44 

89.39 
86.94 

88.47 

90.73 

87.21 

87.41 

87.75 
88.98 
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