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I. D ISCUSSION

I chose to build a regulated boost converter. The feedback
control was implemented as �xed-frequency PWM integral
control for continuous conduction mode (CCM). Because this
was my �rst power converter, I resisted the temptation to take
on a very risky design and instead aimed to design something
that would just work. Now that I have tackled all of the
nuances of designing a feedback-controlled “non-Buck” power
converter (i.e. the RHP zero in its duty ratio to output voltage
transfer function or the need to limit the duty ratio below
100%), and seen it work, I am a ”believer” and can have more
con�dence in the future designing similar converters and more
complicated converters.

II. M EETING THE SPECS

All of the specs were met by this design. They were as
follows.

� Output Voltage: 20V
� Steady State error: Zero
� Output voltage ripple:� 200mVpp
� Input Voltage Range: 8V� Vin � 16V
� Input ripple current (calculated):� 10mArms

� Output power: 5 Watts
� Small-signal Bandwidth:� 5kHz
� Small-signal step overshoot:� 10%

The full schematic of my regulated boost converter is shown
in Figure 20. The block diagram of the �xed frequency
PWM voltage-mode linear control loop is shown in Figure
1. My design process roughly followed the following line of
reasoning.

Starting with the output power and output voltage spec of
5W and 20V respectively, the load resistance had to be 80
 .
For the load resistor, I used 3 240
 5W resistors in parallel.
From here I met the dynamic specs as follows.

Fig. 1. Block diagram of the regulated boost converter.

The transfer function for perturbations in duty cycle to
perturbations in output voltage for the boost converter is:

vc

d
(s) =

� s(I L =C) + (1 � D )Vo=LC
s2 + s=RC + (1 � D )2=LC

; (1)

where capital letters mean nominal values of duty ratio, output
voltage, and inductor current. L, C and R are the main boost
inductor, the output capacitor, and the load resistor. This
transfer function has a RHP zero and two complex conjugate
poles. I knew right away that the compensator had to include

an integration in the feedback path for zero steady state error.
I chose to compensate the system only with an integrator such
that the RHP zero and the poles were slightly faster than the
cross-over frequency. This meant choosing a small inductor
of 10� H for the zero location and a small output capacitor of
3� F.

The lower limit on the inductor and capacitor is constrained
by the switching frequency. Based on the datasheet for the
FET switch and the transition time of the comparators in the
gate drive, I thought that 600kHz was a fast but achievable
switching frequency. The concern is not only can the gate
drive switch at the desired frequency but does the rise time
encroach on the pulses so as to degrade the accuracy of
the duty cycle. In practice, I tried frequencies up to 1MHz
to see the output voltage ripple decrease. However, higher
frequencies mean more core loss and switching loss so that if
there were an ef�ciency spec, I would not have been able to
so recklessly throw the switching frequency around like that.
The transition time of the AD790 comparators is about 50ns.
The gate charge on the FET switch is 8nC. The total time
to charge the gate is given by the charging current from the
gate drive. output short-circuit current of the LM7805 is 2A for
5V meaning an effective output resistiance of 2.5
 . The series
gate resistor that I added is 10
 . That means approximately
5V=12:5
 = 400 mA gate current when the gate drive is full
on. 400mA charging 8nC is 20ns. This gives a total transition
time from the comparator threshold crossing the sawtooth
timing waveform of 70ns. For a 600kHz drive and a 50%
duty cycle, the pulse width is 830ns and for 1MHz it is 500ns.
Therefore, 600kHz is a reasonable gate drive frequency, and
1MHz is a conservative upper limit. At 600kHz the inductor
stays in continuous conduction mode (CCM) and the output
voltage ripple on the capacitor meets the spec of< 200mV.
CCM holds as long as� I=2 = V inDT sw =2L is less than the
average inductor current which is the average input current
Pout =Vin . The output voltage ripple is(1 � D )Tsw I L =C. This
is only a �rst-order approximation when� I L =2 is comparable
to I L . We can check the output voltage ripple and the CCM
condition at both extremes of the input voltage to make sure.

Finally, I added a damping leg with a 1000� F capacitor in
series with a 2
 resistor to the output in order to decrease
the peaking in the frequency response of 1 and increase the
phase margin. Maximizing the phase margin minimizes the
overshoot in the small-signal step response. In general, we
chooseRD � RL andCD � CL .

I set the cross-over frequency to be roughly equal to the
desired small-signal bandwidth because the nominal gain of
the boost converter is on the order of 1. This meant choos-
ing a gain-bandwidth product of the forward-path integrator
frequency response of about 2000 (i.e. `K' in “K/s”).

Bode plots of the loop transfer and closed loop frequency
response with these values are shown for the two extremes
of input voltage (and all other parameters set accordingly) in
Figures 2, 3, 4, 5. They show reasonable phase margin and
that the small signal bandwidth spec of 5kHz = 31krps should
be met in all cases.

The 1=F term in the feedback path of the block diagram
is the attenuation factor needed to reduce the output voltage
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Fig. 2. Closed-loop frequency response for Vs = 8V.

Fig. 3. Closed-loop frequency response for Vs = 16V.

to a level that could be measured by the op-amp compensator
which had only a 5V supply. That feedback factor can be
pushed through the summing junction so thatVref is multi-
plied by F and the forward path gain is divided byF (which
was 20V/2.5V = 8). Therefore, the gain of the integrator needs
to account for the1=F attenuation and the reference voltage
needs to be divided down byF before applying it to the circuit
(which is ok since it's easier to generate 2.5V than 20V with
a signal generator).

Vm is the peak to peak voltage of the triangle wave in the
comparator section duty-cycle generator. This value (3.3-1.6
= 1.7V) also needs to be accounted for by the gain of the
integrator. The integrator/subtractor shown in Figure 20 has
the characteristic

m(s) =
1

RCs
(Vo(s) � Vref (s)) ; (2)

where m(s) is its output, so the gain-bandwidth product is
K = 1=RC. The low-pass �lter in theVref input cancels the
zero in the transfer function from the non-inverting input to the

Fig. 4. Phase margin for Vs = 8V.

Fig. 5. Phase margin for Vs = 16V.

output of the integrator. Without that low-pass �lter, we would
measure an arti�cially large overshoot in the small-signal
step response fromVref . The total gain-bandwidth product
accounting forVm andF needed to be 2000 for the dynamics
shown. Furthermore, the input impedance to the integrator
needed to be large compared to the output resistance of the
resistor divider on the output creating the factorF . These
constraints led to the values of R and C for the integrator and
the values of the resistor divider on the output.

The delay block is really a place holder for the transfer
function from the compensator output voltage to duty ratio.
e� (sT=2) is an approximation to the delay created by the
voltage-to-duty cycle circuit. The actual phase delay caused by
the half-switching period is very small at cross-over because
the switching frequency is so fast compared to the cross-over
frequency.

The input �lter consisting ofL F = 10� H and Cf = 1 � F
was designed to attenuate the current ripple from theL boost

side of the �lter to theVin side by a factor of about 200.
The input current ripple without the �lter can be calculated
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as follows. For 16V input, the duty ratio is 0.2.� I =
(16)(0:2)(1=600kHz)=10� H = :53A. For 8V input it is .8A.
(remember that� I=2 must be less than the average current for
CCM.) In order to reduce the maximum peak-to-peak current
ripple of .8A to the spec of10mArms we need an attenuation
factor of about 200 conservatively.

The duty cycle limit and soft start consists of a voltage
buffer (I had an extra op-amp that came in the dual package
with the integrator op-amp) and a diode clamp from the output
of the integrator op-amp to the output of the voltage buffer.
The voltage buffer sets the maximum voltage of the integrator
output. The 1k
 pot is trimmed to se the maximum duty cycle
to be 0.9 and the 22� F capacitor brings up the duty cycle limit
slowly on start up in order to provide the soft-start behavior.

The gate resistor of 10
 on the gate of the FET switch
reduced ringing as did careful layout and bypassing. The
common-mode choke on the input voltage supply also helped
to reduce ringing and pickup in the circuit.

Finally, the LM7805 5V regulator was used to power the
control circuitry from the input voltage. The op-amps chosen
have a wide enough output dynamic range to support the
control signals under single-supply 5V operation.

Waveforms taken from the converter that demonstrate some
of the specs being met and photographs of the layout are
shown in the following Figures.

Fig. 6. DC output voltage (not that interesting).

Fig. 7. gate drive with Vin = 8V.

Fig. 8. Gate drive with Vin = 16V.

Fig. 9. Output ripple voltage with Vin = 9V.

Fig. 10. Output ripple voltage with Vin = 16V.

Fig. 11. low-frequency small-signal output voltage.
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Fig. 12. 5kHz ss output voltage with Vin = 16V.

Fig. 13. 5kHz ss output voltage with Vin = 12V.

Fig. 14. 5kHz ss output voltage with Vin = 10V.

Fig. 15. 5kHz ss output voltage with Vin = 8.5V. In this �gure, the bandwidth
is about to fall below 5kHz for input voltages less than 8.5V.

Fig. 16. Small-signal step response for Vin = 16V.

Fig. 17. Small signal step-response for Vin = 9V.

Fig. 18. A photograph of the layout.

Fig. 19. Underside photograph of the layout.
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Fig. 20. Full schematic of the regulated boost converter.
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