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(ABSTRACT) 

An analysis is presented on current-mode control of a magnetic amplifier post 

regulator. Small-signal models for a magnetic amplifier reset method are de- 

veloped for post regulators operating in continuous conduction mode. A de- 

sign procedure is given and experimental verification of the model is provided.
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I. Introduction 

Multiple-output power supplies are used extensively in industry. When more 

than one of these outputs needs to be regulated, some sort of secondary reg- 

ulation may be required. There are several ways to provide secondary regu- 

lation of multiple-output power supplies. Of these ways, magnetic amplifier 

post regulators are becoming increasingly popular. 

Magnetic amplifiers and saturable reactors were used widely as _ self- 

oscillators, current senses, switches, etc. before semiconductor switches su- 

perseded their popularity. Recent development of amorphous magnetic 

materials with square B-H loops and reduced losses at high frequency has 

rekindled interest in using magnetic amplifiers as switches. 

Many advantages make magnetic amplifiers attractive as post regulators: high 

efficiency and reliability, low parts count. high power density, simple control 
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circuitry, and low EMI. Also, since they present high impedance during main 

switch turn on, turn-on loss of the main converter switch is reduced. 

Recently, models of the small-signal control loop behavior of the magnetic 

amplifier have been developed [1-7]. These models provide a basis for stabi- 

lizing the control loop and designing control circuitry for enhanced perform- 

ance. Use of these models and typical magnetic amplifier regulation has been 

limited to single-loop voltage-mode control. Voltage-mode control is a scheme 

where the output voltage is fed back and used to modulate the leading edge 

of the voltage through the saturable switch. 

However, current-mode control enhances performance and enables current 

sharing when the outputs are paralleled. Current-mode control is a scheme 

where both the output voltage and output filter inductor current are fed back 

to achieve regulation. In this thesis, an investigation of current-mode or 

multi-loop control of the magnetic amplifier regulator is reported. Control 

models, a control circuit design procedure, a discussion of the benefits of 

voltage- and current-mode control, and experimental verification are provided 

for the magnetic amplifier post regulator. 

The operation of the magnetic amplifier switch is reviewed in Chapter Il. The 

control method of the switch is discussed and different reset methods are 

presented. Small-signal models of the magnetic amplifier post regulator are 

described in Chapter II]. An overview of conventional PWM switch-mode 

current-mode control for a buck converter is presented in Chapter IV. 
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Current-mode control models for the magnetic amplifier post regulator are 

presented in Chapter V. The analytic method used to model the current-mode 

controlled magnetic amplifier is based on the PWM current-mode control 

model of a buck converter reviewed in Chapter IV. Design examples are given 

and experimental results are compared with theoretical results. Conclusions 

regarding the advantages and disadvantages of magnetic amplifier current- 

mode control are drawn in Chapter VI. 

|. Introduction 3



ll. Magnetic Amplifier Operation 

Figure 2.1 shows a common magnetic amplifier post regulator configuration 

with a forward converter as the main regulator. The forward converter pro- 

vides an alternating square wave voltage input to the magnetic amplifier sec- 

ondary. The magnetic amplifier switch blocks the leading edge of the input 

square wave voltage, which is then rectified and averaged by an output filter. 

Regulation is achieved by modulating the switch blocking time. The magnetic 

amplifier switch blocking time is controlled by adjusting the control voltage, 

Viese, Dased on the output. The details are discussed in the following sections. 

2.1 Magnetic Switch 

A magnetic amplifier or saturable reactor is an inductive element used as a 

controlled switch. It is wound on a core with a relatively square B-H loop 

Il. Magnetic Amplifier Operation 4
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(Figure 2.2) and, therefore, acts as a switch by being either saturated or un- 

saturated. When the core is unsaturated, it has a high inductance which 

blocks voltage; the current flow is very small (magnetizing current) and the 

magnetic amplifier acts as an open switch. When the core is saturated, it has 

very low impedance and allows the current to flow with very small voltage 

drop; thus, it acts as a closed switch. This switching action is the basis of the 

magnetic amplifier regulator technology. 

Referring to Figure 2.1 and Figure 2.2, when the post regulator input voltage, 

Vz, goes negative at f,, the voltage at V2. is constrained by the control voltage 

Vreset- SINCE Vreser iS less negative than the negative voltage applied at V,, there 

is a positive voltage across the magnetic amplifier and current reverses 

through the magnetic amplifier, causing it to reset. The amount of reset volt- 

seconds, or AB, is determined by the difference between V,_ and the control 

voltage V,.ese. during the time V, is negative (from ¢, to t;). When V, goes posi- 

tive at t,, V, is blocked until the core becomes saturated at t,. This requires the 

same volt-seconds as reset, thus 

Volts ~ 1) = Vreset ~ Vo _)(t, — ts) 

Therefore, by varying the magnitude of control voltage, V,.s4, the reset volt- 

seconds are determined which in turn determine the blocking time. The pro- 

cedure can be recapped with the following example: If V, goes up, Vrese goes 

up (less negative), the reset volt-seconds increase, and the blocking time in- 

creases, thus bringing V, down. 

ll. Magnetic Amplifier Operation 7



2.2 Reset Schemes 

There are two ways to classify reset schemes. One is done according to the 

reset circuit and the other is done according to the reset power used. There 

are altogether four combinations. 

2.2.1 Reset Circuit - Voltage and Current Reset 

Figure 2.3 shows two types of reset circuits, voltage and current. With the 

voltage reset circuit, a control voltage is used to reset the magnetic amplifier. 

By varying the control voltage, the positive voltage across the magnetic am- 

plifier during V,’s (Figure 2.1) negative swing is varied, thus changing the 

amount of reset which changes the amount of blocking time. 

When the current reset configuration is used, a control current is used to de- 

termine the amount of reset. When the circuit reaches steady state, the flux 

resets to a dc level. Referring to Figure 2.1, as the input voltage, V,, goes 

negative, D, turns off, and the output current freewheels through D,. This 

causes the contro} current to flow back into the magnetic amplifier. This low 

frequency ac control current is added to the dc level, thus determining the 

ll. Magnetic Amplifier Operation 8



  

  

Reset power supply 

(Vext or Vo) 

  

  

b) 

Figure 2.3. a) Current and b) Voltage Reset Circuits. [5] 

Il. Magnetic Amplifier Operation



  

| / / 
ABac 

| Bic 
7 H=Ni 

L 
m— Alac >   

Figure 2.4. Current reset operation on the B-H Loop of the magnetic amplifier core. [5] 

il. Magnetic Amplifier Operation 10



amount of reset. Figure 2.4 shows the current reset operation on the B-H loop 

of the magnetic amplifier core. 

Referring to Figure 2.3a, the following scenario illustrates the current reset 

procedure: If V, increases, V,.;. decreases, causing the difference between 

| V, and V,.se-: to be larger, thus increasing the control current, /p. This larger 

control current flows back into the magnetic amplifier, causing a longer reset, 

which results in a longer blocking time, thereby reducing the duty cycle and 

reducing V,. 

The current reset circuit of Figure 2.3a is used in this research because it does 

not require a negative supply in the control circuit and it exhibits lower phase 

lag at high frequencies than does voltage reset [5]. It should be noted that 

when the current reset configuration is used, the reset transistor, Q1, must be 

in its active region during reset, otherwise, the magnetic amplifier will be reset 

with a voltage and not a current. 

2.2.2 Reset Power - Self Reset and External Reset 

The reset of the magnetic amplifier requires power. This power can be sup- 

plied using an external supply (external reset) or can be supplied using the 

ll. Magnetic Amplifier Operation 11
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output voltage of the post regulator (self reset). Figure 2.5 shows the two 

methods. 

When the self reset scheme is used, the need for an external power supply is 

eliminated but short circuit protection is difficult to implement. When the out- 

put is short circuited, the supply voltage for the reset transistor becomes zero 

and there is insufficient reset voltage available to produce the large flux swing 

needed to block the next pulse. With the external reset scheme, the supply 

voltage for the reset transistor is not lost during a short circuit, so the mag- 

netic amplifier can be designed to accommodate this short circuit condition. 

The loop gains for the two different reset schemes vary significantly. The self 

reset method adds an extra feedback loop and causes a pole shift in the con- 

trol loop gain [1-3]. 

Il. Magnetic Amplifier Operation 13



lll. Small-Signal Analysis of Voltage-Mode Control 

In the past few years, there have been several papers characterizing the 

small-signal control loop behavior of the magnetic amplifier post regulator 

[1-7]. The formulas to approximate the small-signal loop transfer functions of 

the magnetic modulator and the reset circuit are explained in this chapter. 

These formulas will be used in the modeling of the current-mode controlled 

magnetic amplifier. 

Figure 3.1 shows the equivalent small-signal model of a voltage-mode con- 

trolled magnetic amplifier post regulator (circuit shown in Figure 2.5). The 

transfer functions of the small-signal model are defined in the following 

sections. 

{1l. Small-Signal Analysis of Voltage-Mode Contro! 14
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Table 3.1. Voltage Mode Control Transfer Functions 
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3.1 Modulator Gain Transfer Function, Fy 

The magnetic amplifier modulator gain F,, is defined by the ratio of the change 

in switch duty cycle to the change in reset current. This gain can be calculated 

using the following formula [3]: 

A 2 
d 0.47u,,N AS 

— om es (3.1) Fu = 

|.Vq10° Ip 

Where N is the number of turns, A. is the cross section area of the core in 

cm’, f, is the switching frequency, /. is the mean length of the core in cm, and 

V, is the voltage across the transformer secondary during the magnetic am- 

plifier blocking state. Appendix A gives a detailed derivation of this transfer 

function. 

The average permeability, y,,, is approximated by the following empirical for- 

mula: 

2 
(AB)*f. 

Ly = —— (3.2) 
K.P, 10 

Where AB is the total flux density swing, K. is a conversion factor (1.2 for 

Square 80 Permalloy, and 1.05 for Metglas 2714A), and P, is the core loss 

density in watts/Ib. The derivation of this formula is described in detail in ref- 

erence [3]. 
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3.1.2 Phase Delay of Magnetic Modulator 

A phase delay associated with the magnetic amplifier modulator has been 

characterized in references [6,7]. This delay is caused by two factors. The first 

factor occurs because the reset of the magnetic amplifier occurs during the 

negative portion of the post regulator input square wave. This results in a 

delay of the leading edge of the power pulse. The other factor is attributed to 

the inductance of the magnetic amplifier during reset. When this inductance 

is combined with the impedance of the reset circuit, there is an L-R time con- 

stant which contributes to the delay. 

The following formula characterizes the delay caused by the two factors: 

Ww 
We Dy, = — (2D’ +a)   

where ®, is the modulator phase lag: D’ is the duty ratio of the off time; « is 

the resetting impedance factor which is equal to 0 for a current source and 

equal to 1 when resetting from a low impedance source, and somewhere in 

between for an imperfect current source; and w, is the switching frequency in 

radians [6]. 

Ill. Small-Signal Analysis of Voltage-Mode Control 18



3.2 Reset Circuit Gain Transfer Function, Fr 

The reset circuit transfer function is defined as the ratio of the change in error 

amplifier voltage to the change in reset current. The reset current, /p, varies 

depending on which voltage is used to supply the reset circuit, (an external 

voltage or the output voltage [self reset]). When an external voltage is used, 

the following reset circuit gain transfer function is derived (see Appendix A for 

derivation): 

~ (Rg +Rs)Re 63) 

Where the ratio of Rs/(Rs + Re) is typically 0.4 to 0.6. 

When the output voltage is used to supply the reset circuit (self reset), the 

value of /p becomes: 

R,(V, —_ V,) A A“ 
p= —-—o "= Fy — Vv 3.4 
R (Ro + Ro)Re RV, — Vo) (3.4) 

which illustrates the addition of an inner feedback path shown in Figure 3.1. 

Hi. Small-Signal Analysis of Voltage-Mode Control 19



3.3 Power Stage Transfer Functions 

The transfer functions G,,, Z,, and G,, are the power stage transfer functions. 

Gy, is the control-to-output voltage transfer function: 

AN 

6, = Vo Va(1 + sR,C) 
va- A 

d (1 45((R,+RJC +2-) +8°LC) 
L 

Z, is the open-loop output impedance transfer function: 

L R(1+sR,C)\1+s—= 
R, V, 

; 7 L 2 0 (1+8((R) + RIC +) + 8°LC) 
L 

and G,, is the open-loop audio susceptibility or input-to-output noise trans- 

mission transfer function: 

> 

D(1 + sR,C) 
oO 

(1+ s((R,+R,)C + =) +s°LC) 
L 

> 

g 

These transfer functions are derived using state-space analysis and are well 

known [8]. 
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IV. Current-Mode Control 

The operation of a magnetic amplifier post regulator is similar to the operation 

of a typical buck regulator, with the difference being the type of switch. Thus, 

the buck converter current-mode control model forms a basis for the magnetic 

amplifier current-mode contro! model which is discussed in Chapter V. 

This chapter briefly reviews the conventional current-mode control model of a 

buck converter. The various loop gains are presented and discussed with re- 

gard to their contribution to dynamic performance. Design guidelines are 

given for enhanced dynamic performance. A more detailed discussion of this 

topic is presented in References [8-9]. 

4,1 Small-Signal Model of Current-Mode Control 

1V. Current-Mode Control 21
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Figure 4.1. Buck Converter with Current-Mode Control Blocks 
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Current-mode control describes a multi-loop control system in which both the 

output voltage and the inductor current information are fed back and used to 

modulate the duty cycle of the switch. Figure 4.1 shows a buck converter with 

the control blocks H,, H; and Fy outlined. Hy, is the transfer function V,/Ve which 

describes the feedback of small-signal variations in output voltage. H; is the 

transfer function Vil, which describes the feed back of small-signal variations 

in inductor current. The information from the output voltage feedback, V,, and 

the information from the inductor current feedback, V;, are summed together, 

resulting in the control voltage, Ve. This control voltage, V., is used to control 

the duty cycle of the switch. The F,, block contains the small-signal model of 

the duty cycle modulator and is defined as d/V.. In this chapter, F,, is treated 

as a constant and the Fy model for the magnetic amplifier modulator gain is 

considered in the following chapter. 

The equivalent small-signal block diagram of the buck converter is shown in 

Figure 4.2. The small-signal blocks Fy, H,, and H; denote transfer functions 

which describe the control aspects of the system. The remaining transfer 

functions describe the power stage of the system and are denoted by the by 

the small-signal blocks: Gys, Gig, Gvg, Gig, Zp, and G;. These open-loop transfer 

functions describe the converter itself and do not change as a function of 

control. Gy, and Gj represent the control-to-output voltage and control-to- 

inductor current transfer functions respectively. G,, and G,, represent the in- 

put voltage-to-output voltage and the input voltage-to-inductor current transfer 

functions respectively. Z, represents the open-loop output impedance which 

IV. Current-Mode Control 23
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is output current-to-output voltage and G,; represents the output current-to- 

inductor current transfer function. 

The power stage transfer functions for the buck converter are given in 

Table 4.1. These transfer functions are well known and can be derived using 

state-space analysis. [8] 

4,2 Dynamic Performance 

The control system of power supplies is designed to meet specifications of 

closed-loop dynamic performance. Some parameters which define dynamic 

performance in a power supply are: audio susceptibility or input-to-output 

noise transmission, settling time and peak overshoot of the dynamic response 

to a step-load change (which may be translated as an output impedance 

measurement for small load changes), and stability. 

4.2.1 Significance of Loop Gains 

Single-Loop Control 

In a single-loop voltage-mode control system, performance is directly related 
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Table 4.1. Small-Signal Transfer Functions of a Buck Converter 
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to the loop gain T which is well defined. For example, the closed loop audio 

susceptibility, A,, in a voltage-mode control system is the ratio of the open- 

loop audio susceptibility, G,,. (the output voltage-to-input voltage transfer 

function) to the loop gain T: 

    

The same is true for the output impedance; the closed-loop output impedance, 

Zo, is the ratio of the open-loop output impedance, Z, to the loop gain T: 

    

Thus, the loop gain directly attenuates the audio susceptibility and output 

impedance in a voltage-mode control system. Stability is also directly deter- 

mined by the voltage-mode control loop gain. The loop gain’s bandwidth, 

phase margin, and gain margin are all direct measures of stability. The 

bandwidth of a valtage-mode control system is the frequency where the mag- 

nitude of the loop gain crosses zero dB, determining the frequency range in 

which the feedback gain is effective in attenuating the closed-loop character- 

istics. Phase margin is the distance between -180° and the loop gain phase 

at the frequency of loop gain zero crossover. Gain margin is the amount of 

dB that the system gain can be varied before it reaches instability when the 

phase is -180° and the gain is 0 dB. 
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Current-Mode Control 

Current-mode control describes a multi-loop control system where both the 

output voltage and inductor current are used as feedback to achieve regu- 

lation. In a multi-loop, current-mode control system, the relationship between 

loop gain and dynamic performance is not as straightforward as in voltage- 

mode control. Because the additional inductor current feedback loop is in- 

cluded, there are now three places to break the loop instead of just one 

(Figure 4.2). These three different loop gains, T1, T2, and T3, produce three 

different bandwidths, phase margins, and gain margins. Thus, the closed-loop 

performance of the system cannot be determined directly from one particular 

loop gain but is found using a combination of two of the loop gains, the outer 

loop gain, T2, and the system loop gain, T1. [9] The following sections discuss 

the relationships between these loop gains and the closed-loop performance. 

Before discussion of closed-loop performance, however, two feedback loop 

gains T; and T, are introduced and explained in the following subsection. 

Feedback Loops 7; and T, 

The feedback loops 7, and 7; are shown on the block diagram in Figure 4.2. 

The loop gain 7, denotes the feedback path of the output voltage loop and is 

the product of the small-signal blocks, FyG Hy. Fy is given by the modulator 

gain, G,z is given by the converter power stage, and H, is the control compen- 
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sation circuit transfer function which is designed. The loop gain for the voltage 

loop is the same loop gain used in volfage-mode control. The additional loop 

of current-mode control, 7;, denotes the feedback path of the inductor current 

loop and is the product of the small-signal blocks, FyG,H;. Where Fy is the 

modulator gain, G,,, is given by the converter power stage and H; is the de- 

signed control compensation circuit. 

Relationship Between T1, T2 and T;, T, 

T; and T, are introduced to provide a direct design link between T1, T2 and the 

compensation scheme. T1 and T2 are used to predict the performance. How- 

ever, since it is easier to design the current loop, 7;, independently from the 

voltage loop, T,, it is practical to define T1 and T2 as functions of 7; and T7,,. 

Then the current loop, 7;, and the voltage loop, 7,, can be directly designed to 

meet T1 and T2’s requirements for providing good loop gain performance and 

system stability. 

The two loop gains used to predict performance can be measured at points T1 

and T2 on the block diagram. T1 is called the system loop gain and T2 is 

called the outer loop gain. The system loop gain, T1, is derived from the 

small-signal block diagram (see Appendix) and is found to be the sum of the 

current loop, 7;, plus the voltage loop, 7,: 

iV. Current-Mode Control 29
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the outer loop gain, T2, is found to be: 

T2 =   
1+ 7; 

Thus, the two loop gains, T1 and T2, are expressed as functions of the feed- 

back loops, 7; and 7,. Figure 4.3 gives asymptotic Bode plots of 7; and 7, and 

Figure 4.4 shows the relationship between T1, T2 and 7; and 7,. 

Sections 4.2.2, 4.2.3, and 4.2.4 discuss how the loop gains, T1 and T2, affect 

performance and stability and Section 4.3 discusses how the feedback loops, 

T; and 7T,, are designed to achieve optimum T1 and T2 loop gains. 

4,2.2 Effect of Loop Gains on Audio Susceptibility 

The open-loop input-to-output noise transmission or audio susceptibility is 

given by the G,, transfer function in Table 4.1. The closed-loop audio sus- 

ceptibility is derived from the small-signal block diagram to be: 

Gyg 

1+ TT 

Oo
” 

° 

  

o
n
 

for the buck converter. These derivations are provided in the Appendix. Thus, 

the system loop gain, T1 directly determines the attenuation of the closed-loop 

audio susceptibility in a buck converter. Also, since the bandwidth of 7; is 

larger than that of 7, and T1=7,+T7,, a high bandwidth of 7; implies good 
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closed-loop audio susceptibility performance and the peak value is independ- 

ent of the bandwidth of T,. 

4.2.3 Effect of Loop Gains on Output Impedance 

The open-loop output impedance is given by the transfer function Z, in 

Table 4.1. Using the small-signal block diagram, the closed-loop expression 

of output impedance for buck converter’s is: 

Ry 
_ 4p 1 1+sR,C 

~ 4471 1+ 72 
    N | 

o
n
>
 

o~
 

at frequencies below the crossover of the current loop, 7;. The derivations are 

given in the Appendix. It can be seen from this expression that both T1 and 

T2 contribute to the closed-loop output impedance and neither gives direct in- 

formation about the relationship between open-loop and closed-loop behavior. 

[9] 
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4.2.4 Stability 

The system loop gain, T1, is the sum of the voltage loop, 7,, and the current 

loop, 7;. At low frequencies, the voltage loop gain, T, is high, providing tight 

dc regulation. At high frequencies, due to its larger bandwidth, the current 

loop gain, 7;, dominates, taking advantage of its lower phase lag. The system 

loop gain, T1, gives direct information about closed-loop audio susceptibility 

attenuation in a buck converter and gives indirect information about the 

closed-loop output impedance. However, the gain margin and phase margin 

of the system loop gain, T1, are not a direct indications of the stability of the 

overall system, since both the voltage loop and the current loop would have 

to decrease in magnitude for the system to become unstable. The outer loop 

gain, T2, gives more valid information about overall system stability. The outer 

loop gain, T2, is the ratio of the voltage loop, 7,, to the current loop, 7;, below 

the current loop crossover and is the voltage loop gain, 7,, above the current 

loop crossover. Thus, T2’s gain and phase margin predict relative stability 

and determine how much the voltage loop can be varied before the system 

becomes unstable. 

Figure 4.5 shows three different sets of possible 7;, 7T, combinations. 

Figure 4.5(a) is an unstable system, Figure 4.5(b) is stable but has a small 

bandwidth and de gain, and Figure 4.5(c) is stable with large bandwidth and 

gain. This shows the significance of placing T7;’s crossover frequency as high 
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Figure 4.6. Effect of 7, magnitude: (a) small phase margin (less stable) (b) large phase margin 
(more stable).: Asymptotic phase plots drawn assuming second pole and first zero 
are close enough together to cancel their effect. 
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as possible. Once 7;’s crossover is set, the gain of 7, can be increased or de- 

creased which varies the phase and gain margin of T2. Figure 4.6 illustrates 

this. 

4.3 Feedback Compensation Design Guidelines 

The dynamic performance of the current-mode controlled buck converter can- 

not be directly determined by either of the loop gains, T1 or T2, independently; 

both are used to predict behavior. Since T1 and T2 are composed of the cur- 

rent loop, 7;, and the voltage loop, 7,, the effect of T1 and T2 on performance 

governs the design of 7; and T,. !t has been shown that T; needs a high band- 

width, T, needs a high dc gain, and the frequency at where these two feedback 

gains cross has an effect on stability. The following sections describe the de- 

sign of 7; and T, to meet these qualifications. 

The voltage loop gain, 7,, is the product of the modulator gain transfer func- 

tion, Fy, the control-to-output voltage transfer function, G,,, and the voltage 

feedback controller, H, Since F,, is a constant and G,, is given by the converter 

power stage design, the design of the voltage feedback controller, H,, alters 

the loop gain of the voltage loop, T, = FyG,.H,. H, typically has a zero and two 

poles: 
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_ ot + 8/a,) 

v  s(1 + s/a,) 

The first pole is placed at the origin to assure tight DC regulation and the other 

pole cancels the ESR zero of G,, to continue the voltage loop’s -40 dB/dec 

slope after G,,’s resonant frequency, thus attenuating switching noise. The 

zero is placed before the resonant frequency to prevent conditional stability in 

the system loop gain. Placing this zero higher in frequency improves the set- 

tling time of the dynamic response to a step-load change. Figure 4.3 shows 

asymptotic overplots of FyG,~ and FyG,.H,. Because there is a double pole at 

the resonant frequency, the phase of 7, at crossover approaches -180°. 

The current loop gain, 7;, is the product of Fy Gj, H;. Fy is a constant and Gig 

is a function of the converter power stage. H; is a function of the current sense 

circuit and usually consists of a DC gain. Thus, the shape of the current loop 

gain, 7;, is determined by G;, and is shown in Figure 4.3. Because the 

control-to-inductor current transfer function, G,z, has a zero (@, = 1/R,C) before 

the resonant frequency, the slope after the resonant frequency becomes -20 

dB/dec and the phase at crossover approaches only -90°. Since the system 

loop gain is the sum of the voltage loop and the current loop, placing the 

crossover of 7; as high as possible within the constraints of the circuit (and 

higher than that of 7,) takes advantage of this more stable phase and provides 

the benefits of current-mode control. 
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4.4 Summary 

Current-mode control describes a two-loop control system in which both the 

inductor current and output voltage are fed back to achieve regulation. Ina 

multi-loop control system, there is more than one place to measure the loop 

gain and no one particular loop can predict performance independently. Two 

of the loop gains in current-mode control are used to determine the closed- 

loop performance and stability. 

The two loop gains, T1 and T2, both give information about the performance 

of the converter. T1 directly predicts the closed-loop audio susceptibility but 

does not give direct information about the closed-loop output impedance or 

stability of the system. T2 gives information about the stability of the system, 

but cannot be used to directly determine the closed-loop audio susceptibility 

or output impedance behavior. 

T1 and T2 are composed of the current loop and the voltage loop gains, 

T; and T,. T1 is the sum of the two loops and T2 is the ratio of the voltage loop 

to the current loop at frequencies below the 7; crossover and the voltage loop 

at frequencies above the 7; crossover. Therefore, the performance of the con- 

verter can be determined by the design of these two loops. 

The general design procedure is: (1) the crossover of 7; should be placed as 

high as possible within the constraints of the feedback circuit and (2) the 
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magnitude of 7, should be placed as high as possible within an acceptable 

phase margin. 
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V. Current-Mode Control of Magnetic Amplifier Post 

Regulator 

This chapter presents a model of the current-mode control loop behavior of a 

magnetic amplifier post regulator circuit. The analysis summarized in Chapter 

IV is applicable to the magnetic amplifier post regulator and is used in this 

chapter. Section 5.1 describes current-mode control of the magnetic amplifier 

post regulator. The resulting small-signal model for the magnetic amplifier is 

presented in section 5.2. Based on this model, a detailed design procedure 

of the control circuit is illustrated with a numerical example in section 5.4. 

Experimental verification of the model is presented in section 5.6. 
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Current-Mode Controlled Magnetic Amplifier Post Regulator with External Reset Figure 5.1. 
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3.1 Description of Current-Mode Control of Magnetic 

Amplifier 

Figure 5.1 shows a current-mode controlled magnetic amplifier post regulator. 

The control block H, describes the feedback of small-signal variations in output 

voltage. As discussed in Chapter IV, H, contains a zero and two poles which 

are implemented using the operational amplifier A configuration shown. 

The control block H; describes the feedback of small-signal variations in 

inductor current. In Figure 5.1, the inductor current information is taken by 

feeding back the voltage across the resistor R; in the inductor current path. 

There are other methods of acquiring the inductor current information, some 

of which are discussed in Reference [9]. 

Operational amplifier C directly sums the current loop and the voltage loop 

together, resulting in a control voltage, Vi. The control voltage, V., is then 

converted to a control current, /z, in the block Fe. The control current, /p, is fed 

into the magnetic amplifier, determining the duty cycle as described by the 

small-signal transfer function, Fy, which has been discussed in detail in Chap- 

ters Il and III. 
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The layout in Figure 5.1 was chosen for ease of measuring and demonstrating 

the various loops; it is possible to reduce the number of operational amplifiers 

and achieve the same results with less parts. 

9.2 Small-Signal Analysis 

Figure 5.2 shows the small-signal model of the magnetic amplifier post regu- 

lator circuit shown in Figure 5.1. 

Breaking the loop at point T1 results in a system loop gain which is the sum 

of the inductor current loop gain, 7;, and the output voltage loop gain, 7,. The 

outer loop gain, T2, is 7,/(1 + T;). The transfer functions for closed-loop output 

impedance and audio susceptibility are as follows: 

  

  

Ry 
A —_— 

7 von Zy , 1 sRC 

oS TET 1+ 72 
oO 

A 

A= 40 Gyg 

Ss A 4. T4~ V, 1+ 71 

The derivations for these transfer functions are given in the Appendix. 
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Figure 5.2. Small-Signal Block Diagram for Two-Loop Control with External Reset 
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Table 5.1. Open-Loop Power Stage Transfer Functions for Magnetic Amplifier Post Regulator 
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5.3 Loop Gains and Closed-Loop Performance 

The magnetic amplifier small-signal block diagram shown in Figure 5.2 is very 

similar to the conventional multi-loop model shown in Figure 4.2. Therefore, 

the closed loop performance analysis presented in Chapter IV is applicable to 

the magnetic amplifier control loop behavior. The closed loop transfer func- 

tions for the external reset control method are shown in Table 5.2. With the 

exception of the Fy, and Fe blocks which are derived for the magnetic switch in 

Chapter III, the transfer functions are the same as the conventional PWM 

switch-mode Buck converter and are well known. 
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Table 5.2. Closed-Loop Transfer Functions for Magnetic Amplifier Post 
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5.4 Design Guidelines 

The design guidelines given in Chapter IV are equally applicable with the 

magnetic amplifier post regulator. The design goal is to raise the gain of 7; as 

much as practical, then design the error amplifier gain, H, to ensure a large 

bandwidth and a stable system. 

9.0 Control Design Example 

In this example, the power circuit and the reset circuit parameters are given. 

This section outlines the procedure for designing the control compensation 

circuits shown in blocks H; and H, of Figure 5.3. 

Power Stage and Reset Circuit Parameters 

The power stage and the reset circuit parameters are given as follows and will 

remain the same throughout this thesis to allow for comparisons between the 

various control conditions: 

f, = SOKHz V, = 58V Vo = 12V Ri = 2.4Q 

L = 58uH R,=232mQ C=314uF R, = 50.9mQ 

D,,;; = main converter duty cycle = 0.274 

Vp = diode voltage drop = 1V 

V. Current-Mode Control of Magnetic Amplifier Post Regulator 49



 
 

 
 

 
 

  
 
 

  
  

w
e
e
 

ee 
ee 
e
e
 

ee 
e
e
 

 
 

e
e
e
 

e
e
 
e
e
   
 
 

Current-Mode Controlled Magnetic Amplifier Post Regulator with External Reset Figure 5.3. 
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Magnetic Amplifier Parameters 

Magnetics Inc. 50B10-1E METGLAS Alloy 2714A 

N = 36 A.=0.076cm? [,=6.18cm 

Step 1: Calculate F, using Table 5.1 

Rp 1k Fp = = = .01064 5.1 
R™ (Ro +Rp)Re (1k + 1k)47 (5.1) 
  

Step 2: Calculate Fy, using Table 5.1 

a) Calculate AB 

(Dy/Mg—Vo—Vp)10° —_-[(0.274)(58) — 12 — 110° 
AB = f.NA, ~ (50k)(36)(0.076) =2114 (62) 
  

b) Find magnetic amplifier care foss P, 

At AB/2 = 1057 and 50kHz, P, = 6.34 Watts/Ib (from core catalog) 

c) Calculate pin 

AB*f, (2114)*(50k) 
= 5 ~ = 32634 (5.3) 

K.P,10° — (1.08)(6.34)(10) 
  

Ln 

Where K, = 1.08 for 2714A METGLAS, K, = 1.2 for square 80 permalloy 
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d) Calculate Fy 

_ O.4ruyN*fA, — (0.4)(n)(32634)(36)(50k)(0.076) 
  

  

  

Fu = = 5.63 (5.4) 
1,V10° (6.18)(58)(10)° 

@) Fu Fr = 0.06 

Step 3: Design Current Loop 

a) Calculate T; using Table 5.2 

T, is the current loop gain given by the following formula: 

FiyFRHV,(1 + sR,C) 

T; = FryFRHiGig = L 3 
R,(1 + s((R; + R,)C + Rp?) + s*LC) 

L 

1.45H(1 + —2—) 
T= Wer (5.5)   

! 2 
Ss Ss 

8850 * Taig?) 
    (1 + 

b) Find H, to give the desired crossover frequency of 7; 

The contribution from H; is the amplification of the current loop and it is a 

constant. As described in Chapter IV. T; ’s crossover frequency needs to be 

placed higher than 7, ‘s. Because T; has a zero before the resonant frequency, 

the double pole from the resonant frequency has a slope of -1 instead of -2 

after the resonant frequency. Thus, if 7;’s crossover frequency is placed 
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higher than T, ’s, the -1 slope is taken advantage of and the system loop gain, 

T1 = T,+ T, will have a phase delay of 90° (instead of 180° from T,) at crosso- 

ver and the system will be stable. Also, to make the system bandwidth wide, 

T, ’s crossover should be placed as high as possible within the constraints of 

the op amps and half the switching frequency. Choosing a crossover fre- 

quency of f,~6kHz, the magnitude of equation ( 5.5 ) is calculated to be: 

w, = 35000 

Since |7,;| =1 at crossover, setting H; = | 7;|/1.46 = 1/1.46~0.685 will place 

the crossover frequency at 6 kHz and the resulting 7; transfer function is: 

$s - 0.993(1 + 7) 

' 2 
Ss S (1+ 55 + ) 

8850 7410° 

  

  

  

Step 4: Design Voltage Loop 

a) Calculate T, using Table 5.2 

T, is the voltage loop gain given by the following formula: 

FiulFRHV(1 + SRC) 

(14 s((R, +R,)C + R + s7LC) 
Ty = FiuyFRH Gy — 
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S 
_ 3.48H,(1 + 62566 ) 

v 2 

(4+ +-—5 
8850 * G4ig?? 

  

  (5.6) 
    

b) Design H, 

oA + 
Zz H, = Vr 8 1+)   

@, is placed close to the esr zero, 1/R,C to cancel it and to provide attenuation 

at the switching frequency. jw, is placed before the resonant frequency so that 

the phase delay after the resonant frequency is 180° rather than 270°. w, also 

determines the settling time of the system. Choosing w, = 62566 and 

cw, = 4000, equation (5.6) becomes: 

Ty = FryyFrGighy 

S S 
(3.48(1 + 62566 )) wo, + 4000 ) 

2 s 
s s s(1 + ) 

+ 62566 
8850 7410° 

T — 
Vv 
  

  

1+     

Ss 

T, = - 2 (5.7) 

SF 3850 * Taio | 
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The voltage loop and the current loop should cross each other between the 

resonant frequency, w, and 7; ’s crossover frequency, w, so that 7; determines 

the system crossover frequency. The closer this crossing frequency, w,, is to 

w., the less phase margin there is. Choosing a w, of 20000, to determine «,, the 

magnitudes of 7; and 7, are arbitrarily set equal at £,~3.3kHz: 

| 7;| =1.51=|T,| = .0001«, 
aw, = 20000 wy, = 20000 

Thus, «,= 15100 

And equation (5.7 ) becomes: 

  

Ss 52548(1 + ao) 

v 2 

s(1+—= +— ) 
8850 7410° 

  

    

Step 5: Implementing H; and H, 

a) Deriving the transfer functions of the circuit in| Figure 5.3 results in the 

following: 

From error amplifier A of Figure 5.3: 

  

    

  

S 5S 4) 0 ~ 01 +a) _ 1510001 + A000) 

Vv UA Ss _ yo (t+) s(1 + 62566) 
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where w, = >—— ~4000, 

C,+ C3 
= ———— _~6?7566 

Pp O4C3R, 
WM 

Roy 

LRy (Rap + Roi) + RooRoy I(C2 + C3) 
~15100   CO} = 

  

A 

4 - Lp here Ra=R,,R-=R RY Where Nz = M4, As = Ng 
R 

However from summing amplifier C in Figure 5.3, 

  

    

  

v= 4%) Re V co = ( +R) v OR, i 

Ss 

Thus, H, = —(1+—") Ber d H Rott US, =o yQ, an m= 

. R; s(1+——) | FiRs 
p 

Setting Ry = 5kQ, Rg = 12kQ, Ry, = 2kQ, Rog = 7.5kQ, R; = 65MQ 

15100(1 + s/4000) 
s(1 + s/62566) ’ 
  To attain H;~0.685 and H,~ 

The following values of components can be used: 
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R,=100kQpot Cy, = 3900pF 

Ry = 61kQ C, = 270pF 

Ry = Ry = 2.9kQ 

The value of R, is adjusted until the desired phase margin is achieved. Ad- 

justing R, changes the value of «, which raises the T, gain plot up and down, 

thereby adjusting the phase margin. As R, increases, the magnitude of T, de- 

creases, and the T2 phase margin is increased and the system is more stable. 

5.6 Experimental Verification 

The external reset circuit designed in the previous section is shown in 

Figure 5.4. This circuit was built and tested. Figure 5.5a shows the input 

voltage, V,, the voltage at V., the difference between V, and V, which is the 

voltage across the saturable reactor, and the rectified voltage, V,. It can be 

seen from the saturable reactor voltage, V, — V, that the reset volt-seconds is 

equal to the blocking volt-seconds (the spike is due to reverse recovery of di- 

ode D1). The amount of reset volt-seconds is determined by the reset control 
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Figure 5.4. Complete Schematic of Current-Mode Control Magnetic Amplifier Post Regulator with 
External Reset 
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Figure 5.5. Circuit Waveforms: a) Vg, V2, Vg-V2 (MagAmp Voltage), Vx (Rectified Voltage) all 

50V/div; b) Vx (50V/div), V. (6V/div), fp (Reset Current, 20mA/div): c) Ise (MagAmp 
Current 2A/div) and d) fee (Expanded MagAmp Current, 20mA/div) 
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current (shown in Figure 5.5b. This reset current flows back into the saturable 

reactor once diode D1 turns off, thereby resetting the core. The amount of 

reset current is determined by the control voltage, V. (Figure 5.5b): If V, in- 

creases, V, and V, decrease, V, decreases, V..— V. increases, causing the re- 

set current, /z, to increase, thus increasing the amount of reset. Figure 5.5d 

shows current through the saturable reactor. 

To show the effect of varying the voltage loop, 7T,, experimental results follow 

for three different magnitudes of 7T,. Since w, is a function of R;, by varying 

R,, the height of 7, is moved up and down and the output impedance and au- 

dio susceptibility are changed. 

The experimental results are plotted with the theoretical results. Theoretical 

results are found by plotting Bode plots of the transfer functions in MathCad. 

As discussed in Chapter III, the magnetic amplifier has a phase delay associ- 

ated with it: 

@ 

Os 
  Dy, =~ (2D! + a) 

where ®, is the modulator phase lag: D' is the duty ratio of the off time; o is 

the resetting impedance factor which is equal to 0 for a current source and 

equal to 1 when resetting from a low impedance source, and somewhere in 

between for an imperfect current source; and «, is the switching frequency in 

radians. [6] This phase delay is incorporated in the MathCad theoretical re- 

sults. 
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Since the input is alternating, measurement of audio susceptibility is not 

straightforward and only the theoretical results for audio susceptibility are 

given. 

5.6.1 Test Setup 

The experimental results are found using the HP4194 network analyzer. The 

test setups, taken from the VPEC Control Design Short Course Notes, are de- 

scribed as follows. Figure 5.6 shows the experimental test setup for the T1 

and T2 loop gain measurements. The loop gain measurements are made by 

injecting a signal into the closed-loop system at points T1 and T2. A transfor- 

mer couples the network analyzer’s oscillator signal into the loop across a 51 

Q resistor, which minimizes the interaction with system dynamics. The ana- 

lyzer’s REF channel is placed to measure the injected signal into the loop and 

the TEST channel is placed to measure the output signal of the loop. The an- 

alyzer provides magnitude and phase measurements over frequency of its 

TEST channel over its REF channel which are placed as shown in Figure 5.6. 

The closed-loop output impedance measurement is Volto. Referring to 

Figure 5.7, the network analyzer’s oscillator voltage signal is injected across 

the output voltage and the output current is measured by acquiring the voltage 

across a 1 @ resistor. The capacitor is used to block the converter output 
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Figure 5.6. Experimental Setup for T1 and T2 Loop Gain Measurements Using HP4194 Network 
Analyzer 
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Figure 5.7. Experimental Test Setup for Output Impedance Measurement Using the HP4194 Net- 

work Analyzer 
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voitage. The network analyzer gives a measurement of its TEST channel over 

its REF channel, as placed in Figure 5.7 
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5.6.2 Discussion of Results 

The measured results and the theoretical results matched very well at the 

lower frequencies and the model is accurate up to almost half the switching 

frequency in all of the measurements. At approximately half the switching 

frequency, there appears to be unexplained peaking in the measurements. A 

recent, continuous-time model for current-mode control of PWM converters 

[11] gives a new model based on an approximation of the sampled-data mod- 

els. [12] This model shows that a new control-output-voltage transfer function 

(V,/d) is created when the current loop is closed which includes a pair of 

complex poles at half the switching frequency. These poles would explain the 

peaking at half the switching frequency (and the discrepancy in phase delay). 

However, since the discrepancies occur at the high frequencies, the model 

presented in this thesis is quite adequate for design purposes. 

It can be seen in the external reset results that as the voltage loop is lowered 

(by raising R,), the phase margin of the outer loop gain, T2, is increased and 

the system is more stable. However, the performance is compromised and 

both output impedance and audio susceptibility increase. 
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5./ Summary 

In this chapter, current-mode control small-signal models were presented for 

a magnetic amplifier post regulator. A model was shown for the external reset 

method and a design example was given. Experimental verification of the 

model was provided. 
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Vi. Conclusions 

6.1 Summary 

In this thesis, a magnetic amplifier post regulator was examined. The opera- 

tion of the circuit, different types of reset methods, and a small-signal analysis 

were presented for the typical magnetic amplifier post regulator operation with 

voltage-mode or single-loop control. An extension of the analysis was made 

to incorporate current-mode or multi-loop control and small-signal models 

were developed. Experimental verification was presented. 

Some motivations for using current-mode control are to allow for current 

sharing when parallel modules are used and to increase the performance es- 

pecially when the main converter is slow. 
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Another motivation involves sensitivity of the circuit to the magnetic amplifier 

parameters changes that occur due to variations in headroom, loading, and 

temperature. In voltage-mode control, when external reset is used, the loop 

gain transfer function is T = FyFrG,,. When self reset is used however, the 

loop gain transfer function becomes 

__ FuFrGve 
1+ FuF RGva 

due to the inner loop formed. Thus, at frequencies below the zero dB crosso- 

ver, the magnetic amplifier modulator gain, Fy and the reset circuit gain Fr are 

cancelled with self reset. This makes the voltage-mode controlled magnetic 

amplifier post regulator with self reset much less sensitive than the post reg- 

ulator with external reset to changes in the magnetic amplifier parameters and 

reset circuit components at low frequencies [3]. 

With current-mode control however, both the self reset and external reset 

methods provide insensitivity to changes in the magnetic amplifier parameters 

at low frequencies. This is due to the fact that in the loop gains 

T2 = (FyyFpG ghy)/(1 + FiyFeGigh)) 

with the external reset method and 

T2 = (FryFRGyghy)/(1 + FryFRGigh) + FiuyFRGva) 
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with the self reset method, FuFe is effectively cancelled when the magnitude 

of the denominator is much greater than 1. Therefore, with current-mode 

control, both self reset and external reset cancel Fy and Fz at frequencies be- 

low the zero dB crossover. Thus, combined with the advantages and disad- 

vantages of using external reset and self reset, (such as easier implementation 

of short circuit protection with the external reset and elimination of an external 

supply with self reset), using current-mode control provides immunity to mag- 

netic amplifier core variations with both reset methods. 

In this thesis, for ease of demonstrating and measuring the various loop gains 

in the circuit, three operational amplifiers were used. In practice however, one 

operational amplifier may be used to perform the summation of the loops. 

Thus, the complexity and parts count of the current-mode control scheme is 

not much greater than that of the voltage-mode control scheme. This will be 

even more apparent with the future availability of integrated circuits for 

current-mode control of magnetic amplifiers. 

6.2 Suggestions for future work 

The analysis of the current-mode controlled magnetic amplifier post regulator 

was done with the externally supplied reset circuit. When the reset circuit of 

the magnetic amplifier switch is supplied by the output voltage (self reset), a 

fourth loop is added to the system, causing a shift in the LC corner frequency. 
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An analysis of the current-mode control behavior of the self reset magnetic 

amplifier post regulator would be worthwhile. 

The experimental results and theoretical results matched very closely at the 

low frequencies. At the high frequencies and near the switching frequency, 

however, the measured results and theoretical results had some discrepan- 

cies. The phase dropped at a faster rate and sooner than predicted by the 

phase delay equation. There is also some unexplained peaking near the 

switching frequency. A more accurate method to predict this phenomenon can 

be developed. 

The current sensing of the output filter inductor was done by putting a sensing 

resistor in its path. Another more efficient method of sensing the current 

might be to put a winding on the inductor itself. The control analysis for this 

method would be very similar if this were done. 

Models for discontinuous conduction mode can also be developed. A recent 

comparison performed on a buck converter has found that the current-mode 

control performance is equal to or better than voltage-mode control perform- 

ance. Also, it was found that the transfer functions differed very little when 

moving from continuous mode to discontinuous mode with current-mode con- 

trol which is not the case in voltage-mode control. [10] Thus, operation in 

deep continuous conduction mode is not a requirement with current-mode 

control and the inductor can be made smaller. Since the magnetic amplifier 

post regulator small-signal analysis is similar to the buck converter analysis, 
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it should follow that this be true for magnetic amplifier circuits also. These 

results could be verified for magnetic amplifier post regulator in discontinuous 

mode of operation. 
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Appendix A. Small-Signal Transfer Function 

Derivations 

A.1. Modulator Gain Transfer Function Derivation 

The gain of the modulator is defined as the ratio of the change in switch duty 

cycle to the change in reset current: 

  

Fy == (A.1) 
Ip 

From Ampere’s Law, 

A LHe 

Rk 0.4nN (A.2) 

From B-H Characteristics, 
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Hp = Ln 

From Faraday’s Law, 

NA, AB 

7 atio® 

Perturbing eq. (A.4) by a small ac signal, 

AB = ABpo + AB and At=dT—dT 

and eliminating the dc quantity, 

»_  NA,AB 
dT =—— 

10 g 

Combining eqs. (A.1), (A.2), and (A.4), 

qd -0.4nn,,N? Af 
$s 

|,Vq10 Ip 

A.2 Reset Circuit Gain Transfer Function Derivation 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

The reset circuit transfer function is defined as the ratio of the change in error 

amplifier voltage to the change in reset current 
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o
 

> 

Solving for fp, 

_ (V 7 V.)Re 1 
IR=l— RR, Vee] Re (A.7) 

where V = V, for self reset and V = V.,, for external reset. For the external re 

set circuit, perturbing eq. (A.7) by a small ac signal, 

A A 

Ip =Ip+ilp and V,=V, + V, 

equating the small-signal quantities and assuming V., and Vs- are constant 

results in, 

A 

  F Ip Rp 
R= a= 7M TDD 

V, (Re + Rs)Re 

For the self reset circuit, substituting V=V, in eq. (A.7) and following the 

same procedure above results in, 

Ne hy) (0, — 0,) R~ (Rp + Rs)Re c oJ ~ * R\Ye oO 

Appendix A. Small-Signal Transfer Function Derivations 82



Appendix B. Loop Gain Derivations 

B.1 Outer Loop Gain (T2) Derivation 

When the circuit is connected with the external reset scheme, an external 

power supply is used to power the reset transistor. The outer loop gain or T2 

transfer function is found by breaking the voltage feedback loop in the block 

diagram. A simplified block diagram of the external reset circuit is shown in 

Figure B.1 and the following derivation is used to determine the T2 transfer 

function: 

From the simplified small-signal block diagram, Figure B.1, 

  v¥,=-— (B.1) 
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< Q = 
x 

G)
   Q
>
 

| 

vd 

d = FuFp( — dGigH; + V,) 

Substituting eq. (B.2) in eq. (B.3), 

A A 

V VGH; 
Y ee (- 2 y 

H Gvg AyGug Vv 

  

and regrouping, 

thus, 

_ FiuFRG Hy 
T2 = = 

1+ Fy FpGi aH; 

e
d
 

ee 

and from Table 5.2, 
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(B.2) 

(B.3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 
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B.2 System Loop Gain (T1) Derivation 

The system loop gain or 11 transfer function is found by breaking the loop 

where the current feedback loop and the voltage feedback loop are summed. 

The simplified block diagram with the T1 loop broken is shown in Figure B.2. 

The derivation for this loop gain is as follows: 

From the simplified small-signal block diagram, Figure B.2, 

and 

Vy = d(GigH; + Gyghy) (B.9) 

substituting eq. (B.8) into eq. (B.9), 

V, = FuF RV, (GigH) + GygH,) (B.10) 

and from Table 5.2, 

T1 = — = Fy FpGj gH; + FryFpGyghy = T) + T, (B.11) 
Vy. 
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Figure B.2. Simplified Smali-Signal Block Diagram for T1 Loop Gain Derivation 
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B.3 Output Impedance Closed-Loop Transfer Function 

Derivation 

A simplified block diagram used to derive the closed-loop output impedance 

is shown in Figure B.3. The block diagram calculations are as follows: 

From simplified block diagram, Figure B.3, 

V, = IZ, + dGyg (B.12) 

d = — FyFp(I,H, + VH,) (B.13) 

and 

|, =1,G, + dGiy (B.14) 

substituting eq. (B.14) into (B.13), 

iH, + UGH; + VH,) (B.15) 
ned 

d = — Fy Fp(I,G 

solving for d, 

A 

d(1 + FryFpGigh)) = — FyFp(/oG,H; + VoH) 
own} 
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A “A 

(1,G;H; + VoHy) A 

d = — Fy Fp 2 fo 
MR (1+ FruFaGigh)) 

substituting eq. (B.16) into eq (B.12), 

A A 

A A z _ GygF- uF p(oG,H; + V,H,) 

oP 1+ Fy FpGigH; 
  

grouping like terms and using Table 5.2, 

  

r T, p 
Vo(1 + ==) = hy(Zp 

/ 
1+ 7; 

thus, 

A 

V,  2p(1 + Ti) ~ FF RGyaGiihi 
A +747, 

and rewriting, 

  

  

FF RG yaGihi 

(B.16) 

(B.17) 

(B.18) 

(B.19) 

(B.20) 

In the case of the magnetic amplifier post regulator, when the transfer func- 

tions from Table 5.1 are substituted in. eq. (B.20) can be rewritten as: 
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Ry 
_ 4% 1 1+sR,C 

1471 1+ T2 
  Ni

 | 

on
>|
 
>
 

at frequencies below the crossover of the current loop, T;. 

B.4 Audio Susceptibility Closed-Loop Transfer Function 

Derivation 

A simplified block diagram used to derive the closed-loop audio susceptibility 

is shown in Figure B.4. The block diagram calculations are as follows: 

From simplified block diagram, Figure B.4, 

V, = dG,q + VG (B.21) 

d = —FyFp(l,H; + V,H,) (B.22) 

and 

I = V,Gig + Gig (B.23) 

substituting eq. (B.23) into (B.22) and solving for d, 
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d=—FF WoSighi + Vo) (B.24) = —~ FMR . 

substituting eq. (B.24) into eq (B.21), 

  

A A 

»  —FryFrGyg(ViGicH) + V5H,) 
= a TF EG, (B.25) 

grouping like terms and using Table 5.2, 

  

  

  

A qT, A FF pHiGyqGig 

Vo + 147, y= VilGyg — rs (B.26) 

thus, 

A 

A= Vy Gyg(1 + Ti) — FurFRHiGyaGig B27) 

soy 1+7,+T, (8. 
g 

and rewriting, 

GygGig 

Gyg + T(Gyq _ G4 ) 

A, = i+ 4T, (B.28) 

In the case of the magnetic amplifier post regulator (buck converter family), 

when the transfer functions of Table 5.1 are used, 

Gy gGig 

Ova = Gig 
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Therefore, A, reduces to: 
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s 
vg 

1+7,4+T, 
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