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Current Mode-Controlled DC-DC Regulators (Part 2): Loop Compensation And Load
Transient Performance

by Timothy Hegarty, Texas Instruments, Phoenix, Ariz.

Moving forward with the discussion of current-mode control, this article, part 2 of a multipart series, examines
loop compensation of current-mode dc-dc regulators. Previously, part 1 reviewed the small-signal behavior of
the inner current loop and outer voltage loop, including considerations for slope compensation, and presented
the control-to-output transfer function for a buck regulator.!]

The goal in the second installment of this series is to uncover simple expressions derived from the small-signal
model to yield an intuitive compensator design procedure applicable to single- and multiphase regulator circuits.
The simplicity of the design procedure, even with an error amplifier of finite gain bandwidth, will make it
convenient for everyday use.

A design example using a commercially available two-phase synchronous buck controller, along with circuit
simulation in the time and frequency domains, will substantiate the theoretical analysis and demonstrate how to
select values for the compensation network to achieve a target crossover frequency. The simulations will then
reveal how a lower compensation capacitance helps reduce the output voltage settling time following a load
current transient.

Block Diagram

To recap part 1, Fig. 1 shows the block diagram model of a current-mode regulator with the outer voltage
regulation loop closed. Transfer function G¢(s) defines the compensator and includes the feedback resistor-
divider network for output voltage sensing. Breaking the outer loop and injecting a signal between the regulator
output node and upper feedback resistor enables measurement of the loop gain using techniques well
established in engineering practice.
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Fig. 1. Block diagram based on Ridley’s sampled-loop model highlighting the loop gain, T.(s).
He(s) describes the sampling gain placed in the current-loop feedback path, as outlined in part 1
of this series.

In contrast, measurement of the inner current loop (shaded in Fig. 1) is normally unnecessary, although it is

insightful to simulate it in order to appreciate the phenomenon at play with regard to selection of the slope
compensation ramp, as you will see in the design example later.
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Compensator Transfer Function

Fig. 2 shows how the outer voltage loop employs a conventional type-2 compensation circuit?l using an error
amplifier (EA) with output node labeled as COMP (short for “compensation” node). The amplifier model has
transconductance gm, output resistance Roea and effective bandwidth-limiting capacitance Cow. The amplifier
inverting input is the feedback (FB) node and connects to feedback resistors Rm: and Rb2.
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Fig. 2. Voltage-loop error amplifier with compensation network. The component combinations
circled represent two poles and one zero.

As indicated in Fig. 2, Reaout and Cpw set the dominant pole of the open-loop gain curve. You can express the
open-loop gain of the amplifier as

ImReaout
GEA(open loop) (S) =TT 5 ~ (1)
1+ SREAOUthW
Equation 1 neglects any influence from high-frequency poles, whether parasitic or included by design. The
compensator transfer function from VOUT to COMP, including the gain contribution As from the feedback divider
network, is

=—Ag (S)ngEAout (S) (2)

where the output impedance from Fig. 2 is

1 1 1
Z s)=R R + 3
EAout( ) EAout { comp Sccomp J Schf SCbW ( )
and the feedback attenuation factor is a constant based on the feedback divider ratio:
Vi (3) Rip2
A == = (4)

Vout (5) - Ripr + Rip2

If feedforward capacitor Cr connects across R, a pole and a zero will appear that enable additional phase lead
before crossover and unity gain at high frequency. The feedback gain then becomes
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A (s): Rip2 1+ SR, Cx (5)
" Rior + Rivz l+s(be1||be2)Cff

If @pep and @ pep, are well separated in frequency, the low-Q approximation applies and equation 3 becomes

1+ S
@D zEA
Zepout (8)= Reaout . (6)
1+ S 1+ S
@D pEp @ pEp2
where the frequencies are
o = 1
EA =
’ Rcompccomp
1 1
@penr = ~ (7)
pEAL
(REAout + Rcomp )(Ccomp +Cpr + wa) REAOUtCCOfﬂD

@Dpep2 = Reomn (Ccomp “(Chf + wa)) Reomp (Chf + wa)

As Repout >> Reomp @nd Ceomp >> Cye +Cy, , the approximations set forth above are valid.

Circled in Fig. 2 (repeated below) are the components to provide two poles and one zero from the compensator.
With x and o symbols denoting the respective pole and zero locations and a + symbol indicating the open-loop
EA bandwidth, Fig. 3 gives a typical frequency response for the open-loop amplifier and the compensator. In
this example, the feedback attenuation is set to unity, and the EA has an open-loop dc gain of 93 dB and a gain
bandwidth of 13 MHz. Not included in the phase plots is the 180° phase shift related to the inverting amplifier
configuration.

Optional feedforward
capacitor

Cy
[ Error amplifier model

vouT o—e—ANA— o I comP
g L4 0
Rib1 _‘ﬁ PR

WpE AL \ //

WpEA2
Cow ——— — Cnt

REAout N

Fig. 2 (again). Voltage-loop error amplifier with compensation network. The component
combinations circled represent two poles and one zero.
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Fig. 3. Small-signal frequency responses of the open-loop EA and compensator with pole and zero
frequencies indicated.

Compensator pole wpea: appears at a very low frequency and is easily replaced by an integrator term. The
compensator transfer function simplifies to

S
1+
@D zEA
G (s)= —%—; (8)
1+
W pEA
where Ac is the integrator gain term given by
g
A=A (9)
Ccomp

Both feedback resistors, Rm1 and Rz, factor into the gain with a transconductance type EA. In contrast, the FB
node with an op-amp-type EA is effectively at ac ground, and the lower feedback resistance has no influence on
the loop dynamics.

Compensator Design

A frequently used compensation strategy that generally applies to peak, valley and emulated current-mode
circuits is to equate the COMP-to-VOUT transfer function to the compensator transfer function term by term to
attain a single-pole (-20 dB/decade) rolloff of the loop response. To demonstrate, consider:

e One compensator pole, wpea1, positioned to provide high gain in the low-frequency range, minimizing the
steady-state error of the output voltage.

e One compensator zero located to offset the load pole, wzea > wp, using the typical minimum load resistance
(maximum load current) condition.
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e One compensator pole positioned to cancel the output capacitor equivalent series resistance (ESR) zero,
wpeEA2 = wesr. Alternatively, if the ESR zero is at high frequency (with ceramic-only output capacitance), the
compensator pole may locate at the switching frequency to reduce the switching ripple on the COMP
voltage.

The loop gain is the product of the VOUT-to-COMP (compensator) and COMP-to-VOUT (control-to-output)
transfer functions. Using equation 5 from part 1 and equation 7 above, the loop gain becomes:

S S
1+—
D EA Desr

1+

Ty (8)=Ge (8)Ge.o (8)= —Ac Auc
S(1+

(10)

Select the crossover frequency wc = 2rnfc (where the loop gain is 0 dB) below a maximum 20% of the switching
frequency. In practice, given the variation of ceramic output capacitance with temperature,3 10% to 15% of
the switching frequency is an appropriate target for the crossover.

If wzeA = wp and wpeEA = wesr, the loop gain reduces to

1
()~ Ahe

2
S S S

I+ —+—

O o

T

Y

(11)

n

Assuming a well-designed current loop with the amplitude of slope compensation(!l giving 0.5 < Q < 1, the
contribution from the sampling gain (a double pole at half switching frequency) is insignificant at frequencies up
to the crossover. Of course, this assumption precludes the case where the slope-compensation amplitude is
high and the resultant value of Q is low, thus imparting additional phase lag at crossover.

The magnitude of the loop gain at the dominant pole frequency is

T, ( ja’p )‘ = |Tv ( Joen )| ~ A Ay Rcompccomp = OmArs Adc Rcomp (12)

It is evident, using basic Bode plot principles, that

T, (j ) = 25 (13)

©

and then a straightforward expression for the crossover frequency is
fc = fpgmAfbAchcomp (14)

Finally, you can calculate compensation component values sequentially as

R -t f
comp gmAfb Aﬁc 1:p ,
(15)
1
Ccomp = L’ Cpf =——- wa
c Rcomp Dy Rcomp
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where Rcomp is proportional to the crossover frequency and Ccomp sets the phase margin. You will find a value
for the compensation capacitance to locate the zero at one-fifth the target crossover frequency, which normally
results in adequate phase boost at crossover.

Choosing a value for the lower feedback resistor gives the upper feedback resistance as

\V/
Rt = Rip2 [Vom - j (16)
ref

Note that the compensation zero represents the dominant time constant that significantly affects the settling
time of the output voltage following a load transient. An unnecessarily high value for Ccomp thus runs counter to
an objective for a fast settling time. As such, you can adjust Ccomp to optimize the settling time while still
maintaining a phase margin in a window of 50° to 60°.

Design Example

Taking a specific example to illustrate the component selection process, the following table specifies the circuit
operating conditions, power-stage component values and control circuit parameters of a buck regulator using
the LM5137F-Q1 peak current-mode controllerl3] from Texas Instruments (TI). The design operates in an
interleaved two-phase configuration with a switching frequency of 400 kHz and converts from a nominal input
voltage of 48 V to an output voltage of 12 V.

Table. Power-stage and controller parameters for a two-phase buck regulator design.

Power-stage parameters Controller parameters
Vin(nom) 48 Vv Lo 4.7 uH Gi 10 Sh-internal 306 mV/us
Vout 12V Rdcr 8.3 mQ Ri 40 mQ St-internal 102 mV/us
Tout 20 A Co 90 pF dm 600 pS Se-internal 84 mV/us
No. of phases 2 Resr 2 mQ REAout 74 MQ Me 1.275
fs 400 kHz Rs 4 mQ Cbw 7.3 pF Q 0.7

The buck inductance and current-sense resistance given in the table are already per-phase values. However,
the values for load resistance and output capacitance correspond to the total for the two-phase configuration,
and translating to a per-phase equivalent circuit requires twice-resistance and half-capacitance values, as
expected. In practice, only one parameter in the loop-gain expression requires adjustment for the multiphase
circuit: the load resistance scales by the humber of phases in the expressions to calculate Adc.

Updating equation 16 in part 1, the expressions for a multiphase design become

N pRIoade

+—
L,

_ NpRload i
¢ R kg

kg = (m.D'-0.5),

(17)

where Np is the number of phases.

Given a duty cycle of 25% for this design example, the calculation of Adc is
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N Rioad T
kg :1+%(mcD’—0.5)

N 2x0.6Q2x2.5us
4.7pH

=1 (1.274x0.75-0.5)=1.26 (18)
_ NpRoag 1 2x06Q 1

. =238
R kg 40mQ 1.26

A voltage derating of capacitance is now necessary if the output capacitors have ceramic dielectric. Given that a
Murata 22-uF, 25-V, 1210 X7R ceramic capacitor is effectively 9 uF at 12 V and room temperature,!4! an
approximate derating to 40% of the nameplate value (10 capacitors at 9 uF each) applies in these calculations.
The frequencies for the load pole and ESR zero are

fp = Kq = 1.26 =3.72kHz
27R3qCy  27%x0.6Qx 90 pF 1)
! 1 =884 kHz

f = =
S 22R4Co 27 x2MQx90uF

Given a target crossover frequency of 50 kHz, calculate the compensation component values using expressions
from equation 15. As the ESR zero frequency is relatively high at 884 kHz, you can instead place the
compensator high-frequency pole at the switching frequency for noise attenuation.

1 f 1 50kHz

Reomp = = x =14kQ
Im A Adc fp 0.6msx%x23_8 3.72kHz
5 5
C.... = = =1.2nF 20
O W Romp 27 x50kHz x14KQ (20)
Cy =————Cyy = 1 —7.3pF =22pF
M 0Romy " 27x400kHzx14kQ

Selecting standard E96 resistor values of 93.1 kQ and 6.65 kQ for the feedback divider yields an output voltage
setpoint of exactly 12 V.

R
Vi =Vigr | 14— | 0.8V | 14 222K2 0o 04y
Rivs 6.65kQ

Fig. 4 shows Mathcad-derived loop gain and phase plots for this example. The phase margin (PM or ¢wm) is the
difference between the phase at crossover and -180° (EA inversion phase-lag contribution not included). The
COMP-to-VOUT transfer function is a three-pole system—the dominant load pole at 3.7 kHz and the double pole
at half switching frequency related to the sampling gain. The compensator zero offsets the load pole while
allowing a slight phase dip, as the zero is set at a higher frequency than the pole and is not an exact
cancellation.
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Fig. 4. Loop-gain magnitude and phase plots, accurate to half switching frequency.

Circuit Simulation

Using a two-phase synchronous buck controller in a regulator configuration defined by the parameters in the
earlier table, Fig. 5 presents a SIMPLIS simulation schematic to confirm the analysis previously outlined.
SIMPLIS enables easy generation of Bode plots without resorting to the average models that SPICE requires. As
shown, you can measure the outer loop gain Tv(s) by breaking the loop above the upper feedback resistor,
injecting a variable frequency oscillator signal and analyzing the frequency response.
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Fig. 5. SIMPLIS simulation schematic of a two-phase buck regulator (48 V to 12 V at 20 A).

2

The element with reference designator X1 in Fig. 5 (just above the PWM latch in the upper left of schematic) is
the SIMPLIS clock edge trigger to find the periodic operating point (POP) of the circuit before running the
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frequency- or time-domain analyses. The POP works on the full nonlinear switching time-domain model of the
circuit and enables subsequent ac or transient simulations. The ac source with reference designator Vinj in Fig.
5 is the input stimulus for the ac sweep. Automatically controlling its amplitude in the simulation keeps the ac
response in the linearized small-signal region.

First, check the stability of inner current loop gain Ti(s). As outlined in part 1, the slope compensation ramp
serves to reduce the overall gain of the current loop!!l and forces crossover at a more favorable point where
phase margin improves.

To facilitate measurement of the current loop, a digital modulator SIMPLIS subcircuit developed and made
available by Christophe Bassol®! connects at the output of the PWM latch and perturbs the duty cycle. With the
COMP voltage adjusted to set the output to 12 V with a 1.2-Q load resistance, Fig. 6 shows the Bode plot
simulation results. The current loop is stable with a crossover of 70 kHz and a phase margin of 61°. This
crossover is close to the theoretical 0-dB crossover pole, estimated with He(s) = 1 and given by:

f
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Fig. 6. Simulated current-loop gain (magnitude, phase) results with the voltage loop open.

Fig. 7 illustrates Bode plot simulation results for the outer voltage loop, where the solid and dotted lines
correspond to two different values of compensation capacitances, 1.2 nF and 2.2 nF, which set the compensator
zero at 9.5 kHz and 5.2 kHz, or approximately one-fifth and one-tenth the target crossover frequency,
respectively. The solid line in Fig. 7 closely matches well with the analytical result in Fig. 4 up to half the
switching frequency, as expected, with a crossover frequency of 50 kHz and a phase margin of 60°.
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Fig. 7. Simulated voltage-loop gain (magnitude, phase) plots with two values of compensation capacitance, Ccomp.

Using a time-domain analysis in SIMPLIS, Fig. 8 shows load-on and load-off transient responses for the two
values of Ccomp. The load step is from 50% to 100% of the rated load (10 A to 20 A) at a slew rate of 1 A/us.

Clearly, the lower compensation capacitance gives a faster settling time of the output voltage, reduced from
approximately 100 ps to 50 us. Interestingly, this is achieved with very little change in the Bode plot: placing
the compensator zero at the higher frequency only reduces the phase margin by 5°; as shown in Fig. 7. The
crossover frequency stays constant, which is also evident in Fig. 8 since there is no change in the output-
voltage peak deviation. A general rule of thumb to select Ccomp is to set the time constant for RcompCeomp at
about 20 ps.
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Fig. 8. Simulated 10-A load-step response with Ccomp values of 1.2 nF and 2.2 nF.
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Fig. 9 shows Bode plot simulations for the schematic of Fig. 5 with load resistances of 0.6 Q, 1.2 Q, 2.4 Q and
4.8 Q, corresponding to load currents of 20 A, 10 A, 5 A and 2.5 A, respectively. As shown in Fig. 9, as the load
resistance increases, the load pole slides lower in frequency (from 3.7 kHz to 1.2 kHz) and the low-frequency

Exclusive Technology Feature

gain increases, but the crossover frequency stays constant and the phase margin has only minimal change.
These trends are also apparent from equations 18 and 19.
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Fig. 10 shows the same load transient measured experimentally with an equivalent hardware implementation
using the TI LM5137F-Q1 two-phase buck controller evaluation module.[3] The output voltage behavior during
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Fig. 9. Simulated voltage-loop gain (magnitude, phase) plots with varying load resistance.

both the rising and falling transients closely matches the simulated result of Fig. 8.
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40 ps/div

Fig. 10. Measured load transient response with the current slew rate (di/dt) = 1 A/us.
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Summary

The primary objective of this article was to present a simple procedure for loop compensation design of a
current-mode buck regulator. The procedure uses the target crossover frequency as a starting point to derive
values for the compensation network components. Suitable selection of the compensation capacitance optimizes
the settling time of the load transient response while maintaining adequate phase margin.

Simulation results and practical circuit measurements confirm the analytical expressions. A design example for
compensation of a two-phase buck regulator shows that the Bode plot and load transient response, whether
obtained by simulation or bench measurement, go hand in hand while optimizing a dc-dc regulator. The two
methods are complementary, although some designers will only measure the transient response as taking Bode
plot measurements requires more effort.

The next installment in this series will discuss a novel constant-current, constant-voltage dual-loop architecture
with a shared compensation network.
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