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Abstract— Stability is the key requirement in designing
switching converter ASIC. Achieving this requires an accurate
loop gain design. Since DC-DC swiiching converters are
time-varying system, traditional small signal analysis in SPICE
cannot be directly used to simulate the loop gain of this kind of
system. A new method--Periodic small signal analysis is
proposed to analyze and simulate DC-DC switching converter
inside a SPICE like simulator without the need for averaging ",
This general method is suitable for any switching regulators. The
results are accurate comparing with average modeling and
experiment results even beyond half switching frequency. A
general procedure to design loop gain is demonstrated in a peak
current contro! buck,

L INTRODUCTION

Stability is the key requirement in designing switching
converter ASIC. Achieving this requires an accurate loop gain
design. Most numerical methods in SPICE are developed for
linear circuit. In traditional AC analysis, SPICE simulator
linearizes circuit around a DC point and calculates the small
signal response of the circuit around that DC bias point. Since
DC-DC switching converters are mixed-signal time-varying
system, some circuit blocks in the converter like PWM
modulator, driver, switches and diodes are non-linear and
working in large signal meode, traditional small signal analysis
in SPICE cannot be directly used to simulate the loop gain of
this kind of system, This causes a lot of trouble in converter
design, especially if one is doing power management IC
design. In recent years, some methods were proposed to
simulate DC-DC switching converters. James Groves
proposed a periodic operating trajectory concept and
developed a simulation tool for the frequency analysis of
DC-DC switching converters 'Y, In [3], Richard P.E.
Tymerski developed “PWM switch” concept and proposed
large signal and small signal model for “PWM switch”. In [4],
“software network analysizer” method is proposed using
MATLAB and PSPICE to simulate loop gain by frequency
sweep. SIMPLIS may be the best software on the market that
can be used to simulate loop-gain of DC-DC converter
directly, However, the model in SIMPLIS is piece-wise linear
model. It doesn’t work for SPICE model. None of these
methods can be directly used for SPICE like simulator, which
causes a lot of trouble for power management ASIC
designers. The normal approach to design a DC-DC switching
converter ASIC in industry is to do meodeling first by
MATHCAD or MATLARB, then design the transistor level
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circuit to match modeling results. Since a lot of ideal
assumptions are made in modeling, modeling results may not
be close to real circuit, For example, modeling can’t take into
account the delay in real circuit, which may cause some
additional phase drop. If a method can be directly used to
simulate the loop gain of switching converters by SPICE like
stimulator, ASIC designers can get accurate loop gain that
takes care of all the delay and non-linear effect at transistor
circuit level. In this paper, a new method—periodic analysis is
proposed to simulate DC-DC switching converter directly
inside a SPICE like simulator without the need for averaging.
This general method is suitable for any switching regulators.
The results are accurate comparing with average modeling
and experiment results even at high frequency. A general
precedure to design loop gain is demonstrated by the design of
a peak current control buck.

1L PROPOSED PERIODIC METHOD FOR ANALYSIS AND
SIMULATION OF DC-DC SWITCHING CONVERTERS

Fig.1is a typical single loop PWM DC-DC converter. Most
of the blocks in this system are linear except switches, PWM
modulator and drivers. As shown in Fig. 2, if we take a closer
look at the detail waveform at every node in this system, we
will find that the whole system is working in a periodic steady
state with some perturbation. Vour, Ve, Vg, I are the DC
components. Vo, V., Vg, |, are the real signals. If we choose
the periodic steady state as a new “DC bias™ point, then the
system acts like a “linear” system. The whole system can be
linearized around the periodic steady state point; the periodic
small signal analysis can be used to get the frequency response
of the switching converter system. That is the basic concept of
“periodic method” proposed in this paper. Fig. 3 is the
corresponding frequency spectrum of the signals at different
nodes around the control loop. We can see that: PWM
modulator works like a “phase” modulator except the “phase™
is duty cycle. Driver works like a power amplifier. Switches
work like a “phase” demodulator or a square wave sampler. If
we consider PWM modulator, driver and PWM switch as one
non-linear block, it looks like a “phase™ modem. The DC gain

of this block is Vg / Vp from V,to ¥,,,and D(t) from ¥, to ¥,

as shown in Fig 4. We call it “duty cycle modulator”. If we
compare “duty cycle modulator” with a mixer as shown in
Fig. 4, we will see that they are quite similar. Now come to the
point, is it possible to use the same analytic method as that
used for mixer to analyze the “duty cycle modulator”? The
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answer is “yes”. From Fig.3, we can also see that, although
PWM modulator, driver and PWM switch will generate high
frequency harmonics, only if these harmonics are higher than
1/2f;, otherwise there will be no aliasing and output low pass
filter will filter them out finally. We only need to consider the
fundamental frequency signal, i.e. “0” sideband signal in
periodic small signal analysis when only loop gain is
considered. The loop gain will be the products of “0” sideband
small signal gain of every bleck around control loop. The

same conclusion can be applied for any switching converter.
As a conclusion, based on periodic steady state “DC
bias” and “duty cycle modulator” concepts, if we consider
only the fundamental frequency component of the small signal
gain and discard all of the harmonic sidebands in the control
loop, we can use periodic analysis method to get the system

loop gain directly in SPICE.
s o
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iinear part

Non-linear part

Fig. 1 single loop DC-DC buck converter

Fig. 2 periodic steady state and new “DC” bias concept
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ALGORITHMS FOR PERIODIC SMALL SIGNAL ANALYSIS
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AC analysis:
Step 1: DC analysis
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Fig. 5 Periodic analysis and traditional AC analysis

Fig. 5 is the comparison between periodic analysis and
traditional AC analysis. Both of them are a two-step process.
For traditional AC analysis, a DC analysis is needed first to
build the operating points for all components like the Q point
in Fig. 5 (b). After DC analysis, AC analysis will do the
frequency sweep and calculate the small signal gain for the
circuit at different frequency. The result of AC analysis is a
bode plot with only one band. For periodic analysis, a PSS
analysis and a PAC analysis are needed [\ PSS analysis will
calculate a periodic trajectory for the periodic system. PAC
analysis will linearize the whole system around this periodic
trajectory and calculate periodic small signal gain for different
frequency. The result of PAC analysis is a plot with both
fundamental frequency component and some sidebands. For
loop gain analysis, only fundamental frequency component is
needed.

In this section, the basic algorithm of PSS and PAC will be
introduced briefly.
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A.  Periodic Steady State analysis

For nonautonomous system and autecnomous system, the
algorithms used for PSS analysis are different. Normally,
nonautonomous system is easy to converge. In this paper, only
nonautonomous system is discussed. Assume clock is
generated by an independent source, a DC-DC switching
system becomes a nonautonomous system. Three different
methods can be used for PSS analysis: finite difference
method, shooting method and harmonic balance method. The
first two methods are time domain method. The last one is in
frequency domain. Harmonic balance is suitable for mildly
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nonlinear circuits. Shooting methods are suitable for
drastically nonlinear circuits 6], Shooting method are chosen
for DC-DC converter analysis. Consider a nonautonomous
circuit whose equations are given by the standard form
) | i)+ by = 0
dt
The independent sources are assumed to be periodic with
period T. Since the circuit is nonautonomous, the circuit
steady-state response X(#) will also be periodic with period T.

M

Now the problem becomes to obtain an initial condition
x(t,) the x(?)

that x(t, ) = x(T) . The solution trajectory can be viewed as a

and  optionally trajectory 50

function of both time  and the initial condition x(¢, }, that is
x(£) = (2, x(2,))

Then the shoot equation can be written as

Fy, =T, x(t,))—x(2,) =0

This equation can be viewed as a nonlinear equation with m
(m is the size of the circuit) variables x(#,) and therefore can

be solved using Newton’s method. The detail algorithm based
on Krylov subspace method is out of the scope of this paper [

[83[9).
B.  Periodic AC simulation

Now consider that a “small” input signal D(x)&(z)is
added to equation (1), i.e,,

dy(x(¢

AED, ) +b0)+ DWED =0 @)
Assume X (1) is the steady-state T-periodic solution of

this system and

x, (1) + x, () where x,(£) is small. Substituting this form

the solution of above equation is

into (2), we have

d(‘;—j x,(0)

0:—*--‘—‘—' + —
dt Ox

x,(O)+ D(x, (D)

*

All of the coefficients in above equation are T-periodic.
This equation can be solved in time domain or frequency
domain. The detail algorithm based on Krylov subspace
method is not the focus of this paper.
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IV.

EXPERIMENTAL VERIFICATION

PWM
modulator
Fig 6. Block diagram of experimental structure
TABLE1
PARAMETERS FOR THE EXPERIMENTAL STRUCTURE
Vlll Vlnl In‘ Clul L R(' VF Rl' s! j:'
" [ig] “) (wF) | (uH) «2 [ 2] (Hz)
s 15 02 10 47 Sm t 021 | 23k [ 1LE6K

In this section, we will apply periodic analysis method to
design a typical peak current control buck DC-DC switching
converter. In design, only “0” sideband is considered and all
other sidebands are discarded since they have no effect on
final system loop gain if only aliasing effect doesn’t happen.
We divide the whole design procedure into three parts: Power
stage design, current loop design and compensator design.

Fig. 6 is the simplified block diagram of the experimental
structure. A lot of factors affect power stage design including
the real application, performance requirement etc. Assume
that all of the factors are considered and we got the power
stage shown in Table 1. V, is the peak-to-peak magnitude of
the ramp signal. In order to design system loop gain, we need
to know the control to output transfer function for the power
stage since it is part of the control loop.

Since D(1) is not an electrical variable that can be tested,
in the ev,, /ov,

of oV

out

model result for control to output transfer function gy

nuf

simulation, is simulated instead

/0d . Fig. 7 shows the simulation result, average

18V,

of the power stage. From the results, we can see that
simulation result is very close to average model result except
that the DC gain and @ value are lower in simulation results.
The reason is that some of parasitic components are not
included in average model! This difference will directly affect
the final loop gain.
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Fig. 7 Comparison of control to output transfer function for buck converter
between periodic analysis and average model

After power stage design is done, we need to design
current loop gain. With current loop closed, the system is
degraded to one-order system. The design variables for
current loop are current sensor gain R;, external ramp slope §...

R; will affect the DC gain of control-to-output transfer
function with current loop closed. External ramp slope will
stabilize the system when duty cycle is larger than 50% and
damp the peak at 1/2f; By periodic small signal analysis, we
can tune the value of R, and external ramp slope and finally get
the control-to-output transfer functions G, with current loop
closed shown in Fig 8 for simulation and average modeling
based on Dr, Ridley’s model [,
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Fig 8 Comparison of control to output transfer function with current loop
closed for buck converter between Dr. Ridley’s model and periodic analysis

Since compensator is linear circuit, it is not difficult to get
the transfer function by traditional AC analysis. Nermally, we
use two-pole-one-zero network for the compensator. By doing
AC analysis, we can tune the position of zero and poles to get
the desired loop gain. Combine compensator with the
control-to-output transfer functions oV, /8V, with current

Ty
loop closed discussed above, we will get the open loop gain
for the whole system, which is

ov,
T = A(s)-—2¥
()=

.

Fig 9 shows the transfer function by periedic small signal
analysis and real test results. We can see that simulation
results are very close to test results. Figure 10 shows the
experiment results of power on start up and the waveforms for
a typical application.
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(a) Simutated open loop gain of system loop
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(b) Tested open loop gain of system loop
Fig 9 Comparisen between experiment results and simulation results

V. CONCLUSION

In this paper, a new method--Periedic small signal
analysis is proposed to simulate switching converter directly
inside a SPICE like simulator without the need for averaging.
The basic concept and algorithm are discussed. The results are
accurate comparing with average modeling and experiment
results.
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