Understanding and Applying Current-Mode Control Theory

I3 Texas

INSTRUMENTS

Literature Number: SNVA555



UNDERSTANDING AND APPLYING CURRENT-MODE
CONTROL THEORY

Practical Design Guide for Fixed-Frequency, Continuous Conduction-Mode
Operation

by

Robert Sheehan
Principal Applications Engineer

National Semiconductor Corporation
Santa Clara, CA

PESOQ7
Wednesday, October 31, 2007
8:30am — 9:30am

Power Electronics Technology Exhibition and Conference
October 30 — November 1, 2007
Hilton Anatole
Dallas, TX



UNDERSTANDING AND APPLYING CURRENT-MODE CONTROL THEORY
by Robert Sheehan

Notes:



UNDERSTANDING AND APPLYING CURRENT-MODE
CONTROL THEORY

Practical Design Guide for Fixed-Frequency, Continuous Conduction-Mode Operation

Robert Sheehan
Principal Applications Engineer
National Semiconductor Corporation
Santa Clara, CA

Abstract

The basic operation of current mode control is covered, including DC and AC characteristics of
the modulator gain. Feed-forward methods show how the slope compensation requirement for
any operating mode is easily met. Sampling-gain terms are explained and incorporated into the
design approach. Switching models for the buck, boost and buck-boost are related to the
equivalent linear model. This facilitates the practical design using simplified, factored
expressions. Design examples show how the concepts and methods are applied to each of the
three basic topologies.

Current-Mode Control

For current-mode control there are three things to consider:

1. Current-mode operation. An ideal current-mode converter is only dependent on the dc or
average inductor current. The inner current loop turns the inductor into a voltage-
controlled current source, effectively removing the inductor from the outer voltage
control loop at dc and low frequency.

2. Modulator gain. The modulator gain is dependent on the effective slope of the ramp
presented to the modulating comparator input. Each operating mode will have a unique
characteristic equation for the modulator gain.

3. Slope compensation. The requirement for slope compensation is dependent on the
relationship of the average current to the value of current at the time when the sample is
taken. For fixed-frequency operation, if the sampled current were equal to the average
current, there would be no requirement for slope compensation.
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Current-Mode Operation

Whether the current-mode converter is peak, valley, average, or sample-and-hold is secondary to
the operation of the current loop. As long as the dc current is sampled, current-mode operation is
maintained. The current-loop gain splits the complex-conjugate pole of the output filter into two
real poles, so that the characteristic of the output filter is set by the capacitor and load resistor.
Only when the impedance of the output inductor equals the current-loop gain does the inductor
pole reappear at higher frequencies.

To understand how this works, the basic concept of pulse-width modulation is used to establish
the criteria for the modulator gain. This allows a linear model to be developed, illustrating the

dc- and ac-gain characteristics. For simplicity, the buck regulator is used to illustrate the
operation.

Modulator Gain

Pulse Width Modulator

— A

Figure 1. Pulse-width modulator.

Pulse-Width Modulator

A comparator is used to modulate the duty cycle. Fixed-frequency operation is shown in Figure
1, where a sawtooth voltage ramp is presented to the inverting input. The control or error voltage
is applied to the non-inverting input. The modulator gain F,, is defined as the change in control
voltage which causes the duty cycle to go from 0% to 100%:

Ve o Veawr
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The modulator voltage gain K, which is the gain from the control voltage to the switch voltage
is defined as:

K, =Vp F, =N
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Figure 2. Current-mode buck, linear model and frequency response.

Current-Mode Linear Model

For current-mode control, the ramp is created by monitoring the inductor current. This signal is
comprised of two parts: the ac ripple current, and the dc or average value of the inductor current.
The output of the current-sense amplifier Gj is summed with an external ramp Vst opg, to produce
Vrawmp at the inverting input of the comparator.

In Figure 2 the effective Vramp = 1 V. With Viy = 10 V, the modulator voltage gain K,, = 10.

The linear model for the current loop is an amplifier which feeds back the dc value of the
inductor current, creating a voltage-controlled current source. This is what makes the inductor
disappear at dc and low frequency. The ac ripple current sets the modulator gain.

The current-sense gain is usually expressed as the product of the current-sense amplifier gain and
the sense resistor:
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The current-sense gain is an equivalent resistance, the units of which are volts/amp. The current-
loop gain is the product of the modulator voltage gain and the current-sense gain, which is also in
volts/amp.

The modulator voltage gain is reduced by the equivalent divider ratio of the load resistor Rp and
the current-loop gain Ky, - R;. This sets the dc value of the control-to-output gain. Neglecting the
dc loss of the sense resistor:

\Y R
0 _K o

Ve ™R, +K,, R,

This is usually written in factored form:

Yo _Ro 1

Ve R, Ro

The dominant pole in the transfer function appears when the impedance of the output capacitor
equals the parallel impedance of the load resistor and the current-loop gain:

1 1 1
(DP =—:| —+
CO RO Km 'Ri

The inductor pole appears when the impedance of the inductor equals the current-loop gain:

The current loop creates the effect of a lossless damping resistor, splitting the complex-conjugate
pole of the output filter into two real poles.

For current-mode control, the ideal steady-state modulator gain may be modified depending
upon whether the external ramp is fixed, or proportional to some combination of input and output
voltage. Further modification of the gain is realized when the input and output voltages are
perturbed to derive the effective small-signal terms. However, the concepts remain valid, despite
small-signal modification of the ideal steady-state value.
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Slope Compensation

The difference between the average inductor current and the dc value of the sampled inductor
current can cause instability for certain operating conditions. This instability is known as sub-
harmonic oscillation, which occurs when the inductor ripple current does not return to its initial
value by the start of next switching cycle. Sub-harmonic oscillation is normally characterized by
observing alternating wide and narrow pulses at the switch node.

For peak current mode control, sub-harmonic oscillation occurs with a duty cycle greater than

50%.

Peak Current Mode Peak Current Mode

D=06 Q=6.37 D=04 Q=6.37
11 11

14 1
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0 1E-05 2E-05 3E-05 4E-05 5E-05 0 1E05 2E-05 3E-05 4E-05 SE-05
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Figure 3. Peak current-mode sub-harmonic oscillation. For D<0.5, sub-harmonic oscillation is
damped. For D>0.5, sub-harmonic oscillation builds with insufficient slope compensation.

By adding a compensating ramp equal to the down-slope of the inductor current, any tendency
toward sub-harmonic oscillation is damped within one switching cycle. This is demonstrated
graphically in Figure 4.

Peak Current Mode
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Figure 4. Optimally compensated peak current-mode converter.

For valley current-mode, sub-harmonic oscillation occurs with a duty cycle less than 50%. It is
now necessary to use slope compensation equal to the up-slope of the inductor current.
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For emulated peak current-mode, the valley current is sampled on the down-slope of the inductor
current. This is used as the dc value of current to start the next cycle. In this case, a ramp equal to
the sum of both the up-slope and down-slope is required.

General Slope Compensation Criteria

For any mode of operation (peak, valley or emulated), the optimal slope of the ramp presented to
the modulating comparator input is equal to the sum of the absolute values of the inductor up-
slope and down-slope scaled by the current-sense gain. This will cause any tendency toward sub-
harmonic oscillation to damp in one switching cycle.

For the buck regulator, this is equivalent to a ramp whose slope is Vix - Ri / L.
Up-slope =(Vin- Vo) " Ri /L
Down-slope = Vo - Ri /L

For the boost regulator, this is equivalent to a ramp whose slope is Vo - R; / L.
Up-slope=Vn-Ri/L
Down-slope = (Vo - Viv) - Ri/ L

For the buck-boost regulator, this is equivalent to a ramp whose slope is (Vv + Vo) - R/ L.
Up-slope=Vn-R;/L
Down-slope = Vo - Ri /L

To avoid confusion, Viy and Vg represent the magnitude of the input and output voltages as a
positive quantity. By identifying the appropriate sensed inductor slope, it is easy to find the
correct slope-compensating ramp.
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Sampling Gain

A current-mode switching regulator is a sampled-data system, the bandwidth of which is limited
by the switching frequency. Beyond half the switching frequency, the response of the inductor
current to a change in control voltage is not accurately reproduced.

For the control-to-output transfer function, the sampling gain is modeled in series with the
closed-current feedback loop. The linear model sampling-gain term H(s) is defined as:

2
H(s)=1+s-K, +—

T
where o, =—
T

2
n

H(s)

Figure 5. Buck regulator with sampling gain H(s) in the closed current-loop feedback path.

In general, K. represents the time delay (or phase shift) for the sample-and-hold function of the
emulated architecture. For the simplified model, the proportional slope compensation is
incorporated into K. as well as K;,,. In the appendix of reference [1], a more general model shows
how the proportional slope compensation may be modeled as a feed-forward term. The term

2
S

> shows that a 180° phase shift occurs at half the switching frequency. No useful signal from

o,

the control voltage will be accurately reproduced above this frequency.
Sampling Gain Q

For the closed current-loop control-to-output transfer function, the factored form shows a
complex-conjugate pole at half the switching frequency. The sampling gain works in conjunction
with the inductor pole, setting the Q of the circuit. Using a value of Q =2 /= 0.637 will cause
any tendency toward sub-harmonic oscillation to damp in one switching cycle.
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With respect to the closed current-loop control-to-output function, the effective sampled-gain
inductor pole is given by:

fLQ=— -(m_l)

4.T-Q

This is the frequency at which a 45° phase shift occurs due to the sampling gain. For Q = 0.637,
f1.(Q) occurs at 24% of the switching frequency, which sets an upper limit for the crossover
frequency of the voltage loop. For the peak current-mode buck with a fixed slope-compensating
ramp, the effective sampled-gain inductor pole is only fixed in frequency with respect to changes
in line voltage when Q = 0.637. Proportional slope-compensation methods will achieve this for
other operating modes.

Transfer Functions

For all transfer functions:

Rg-(I1+s-Cy-R
Zo = ! +Re [|[Rg =—2 (+sCo Re) Zp =s-L+R +Rg

Ro represents the load resistance, while R represents the dc operating point Vo / Io.

For a resistive load Ro = R.

For a non-linear load such as an LED, Rp = Rp, where Rp represents the dynamic resistance of
the load at the operating point, plus any series resistance.

For a constant-current load, Rg = .

In order to show the factored form, the simplified transfer functions assume poles which are well
separated by the current-loop gain. The control-to-output transfer function with sampling-gain
term accurately represents the circuit’s behavior to half the switching frequency.

The current-sense gain R; = Gj - Rs, where G; is the current-sense amplifier and Rg is the sense
resistor.

For peak or valley current-mode with a fixed slope-compensating ramp, o, -Q = o, , where
(DL = T .

Gy represents the error amplifier gain as a positive quantity.
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Buck Regulator Example

Figure 6 shows a typical synchronous buck regulator. The slope-compensating ramp could be
either fixed, or proportional to V. For this example, a fixed ramp is used for Vgropg which is set
for Q=2 /m=0.637. The error amplifier Gy has an open loop gain of 3300 (70 dB) and is
modeled with a single-pole gain-bandwidth of 10 MHz.

Vo = 5V
[ 10
——Vin f— ::OOU
o
10 Vramp Fm []5
;l-& + Ro
- 1m
I . Ve [] Rc
- Gi
Vslope =
Vslope = Vo*Ri*T/L =
J 3.74k
= - Rz [
1|0|P Vib
11
3.3n Chf 10k
= 1.21k[]
Ccomp Rcomp Rfb1
Gv .
1.6 + -
wim= L | 1215
NG — Vref

Figure 6. Peak current-mode buck switching model.

The control-to-output gain is first characterized, and the error amplifier compensation tailored to
produce the highest crossover frequency with a phase margin of 45°. The simplified factored
control-to-output equation is used for the design analysis.
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Figure 7. Buck simplified linear voltage loop model.
Linear Model Coefficients
Vi = Vi p=_Yo D =1-p =~ Yo R=Yo
VIN VIN IO

Transfer Functions

Control-to-Output (Impedance Form):

Ve Zo+Z,+K. R, H(s)

10
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Current-Mode Buck — Transfer Functions

Simplified Control-to-Output:

Vo _ Ro ) WOz

Where:

R 1
0 ®, =
CoRe

_ Kp
CO .RO

®p

For an ideal current-mode buck, Kp = 1. In this case, only the single-pole characteristic of wp is
modeled. This may provide a good approximation at a lower crossover frequency (< 0.1 - fsw).

For accurate results, the complete expressions should be used.

Voltage Loop:
\:/,O = _Gv : \:/O
0 Ve
DC Input Impedance:
v R
N (de)=——
D

IN

Buck Design Example — Control-to-Output
DC gain terms:
D=D'=0.5 R, =G, -Rg =0.1

R
K. = 1 =20 KD=1+ [0)

" T V
(0.5-D)-R;-—+ >t
L V,

11

Vg = Vo R, %:0.5

: R
Y0 (de)=——0  —14.3=23dB
Ve R;-K

i D
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Capacitor pole frequency:
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Figure 8. Buck control-to-output.
Y1 Peak CM Buck Error Amp
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Figure 9. Buck error amplifier.
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Buck Design Example — Error Amplifier

There is a pole at low frequency. The mid-band gain is set to produce the desired voltage loop
crossover frequency. The error amp zero is generally set about a decade below this frequency.
The high frequency pole attenuates switching noise at the error amp output and is not always
required, depending on the bandwidth of the amplifier.

R
fopn = ! =4.8kHz Gpy =—M —27=85dB fy = ! =1.6MHz
2'n'RCOMP 'CCOMP FB2 2'7T’RCOMP ’CHF
Y2 Y1 Peak CM Buck Voltage Loop
‘\
60 150- \
4 8 100- ~
= I 50- e Semnt e
5 P T N
o 2 \ \
-20 -50- W)
100 200 500 1k 2k 5k 10k 20k 50k 100k 200k
Phase
freq / Hertz Gain

Figure 10. Buck voltage loop.

Buck Design Example — VVoltage Loop

The voltage loop plot is simply the sum of the control-to-output and error amplifier plots. For
this example, the crossover frequency is 40 kHz with 45° phase margin. The gain margin at 95
kHz is 10 dB.

13
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Boost Regulator Example

Figure 11 shows a typical boost regulator. For many applications, the synchronous switch S2 is
replaced by a diode rectifier. The slope-compensating ramp could be either fixed, or proportional
to Vo - Vin. For this example, a fixed ramp is used for Vg opg which is set for Q =2 / ©=0.637.
The error amplifier Gy has an open loop gain of 3300 (70 dB) and is modeled with a single-pole
gain-bandwidth of 10 MHz.

10m 5u ,_lsz Vo = 10V
1 M.
— ° AL
) L ﬁ
5 —_—
— = ——100u
10 Fm U1 d AC10 + Co 10
| Vramp —1s aQ +,_F:|S1 VA @ [] Ro
+ + L—l
R QN|— [] m
e — Rc
Gi Vc J—_
Vslope - = Vclock
®
Vslope = (Vo-Vin)*Ri*T/L T = 5us =
_ 8.75k
= = Rib2 ]
1|0|P Vb
|1
2.2n Chf 20k
|| — 1.21k
Ccomp Rcomp Rfb1
Gv
16 +H A -
Viim — ] 1215

— Vref

Figure 11. Peak current-mode boost switching model.

The control-to-output gain is first characterized, and the error amplifier compensation tailored to
produce the highest crossover frequency with a phase margin of 45°. The simplified factored
control-to-output equation is used for the design analysis.
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Figure 12. Boost simplified linear voltage loop model.

Linear Model Coefficients
D=Yo Vi D =1-D =N R=Yo
VO VO IO

Vo =Vo

Transfer Functions
Control-to-Output (Impedance Form):

K V4
m |q1__~L Zo
D’ D'Z‘R
Z K, K Z
1459 |y o 20— T Lz,
R D’ D'?.R

Vo
Z, K, -R,-H(s)
T

\%
¢ Zo+
D2

15
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Current-Mode Boost — Transfer Functions

Simplified Control-to-Output:
A P A T
Vo _ Ry -D' 0y 0y
I+— || 1+ +—
Op 0, Q 2
K
CO 'RO

o _R-D"? o =
R L z CORC

Where:
R, Ry-D”?
Kp=1+—2+-9 — . LJFE
R R, K, D’
For an ideal current-mode boost with resistive load, Kp = 2. In this case, only the single-pole
characteristic of wp and right-half-plane zero of mr are modeled. This may provide a good

expressions should be used.

>

Voltage Loop:

(6}

o _
=Gy~

O

<>
<>

C

<>

DC Input Impedance:
N (de)=-D"> R

~

IN

Boost Design Example — Control-to-Output

approximation at a lower crossover frequency (< 0.1 - fsw). For accurate results, the complete

T
Vsr :(Vo ‘VIN)‘Ri ‘EZOS

DC gain terms:
1 T '
K, = v =20 K:O.S.Ri-I-D«D =0.0125
(0.5-D)-R; -—+—L
L V,
R, R,-D’? 5 R..D'
o ,Ro D" 1 K ;e¢ Y0 (dey=—2"Z_ _129-22dB
K, D’ Ve R;-Kp

Kp =I+—+
P R R,
16
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Figure 13. Boost control-to-output.
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Figure 14. Boost error amplifier.
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Boost Design Example — Error Amplifier

There is a pole at low frequency. The mid-band gain is set to produce the desired voltage loop
crossover frequency. The error amp zero is generally set about a decade below this frequency.
The high frequency pole attenuates switching noise at the error amp output and is not always
required, depending on the bandwidth of the amplifier.

R
foep = ! =3.6kHz Gpp =—MF _23-72dB fy = ! = 800kHz
2.1 R comp - Coomp Rpa 2-1-Rcomp - Cur
Y2 Y1 Peak CM Boost Voltage Loop
60 150-=
40| 8 100- ]
= 20 2 50- e~ —
© o
d @ Rt \
0 i 0 \\_
-20 -50- \\
100 200 500 1k 2k 5k 10k 20k 50k 100k 200k
Phase
freq / Hertz Gain

Figure 15. Boost voltage loop.

Boost Design Example — Voltage Loop

The voltage loop plot is simply the sum of the control-to-output and error amplifier plots. For
this example, the crossover frequency is 20 kHz with 45° phase margin. The gain margin at 52
kHz is 9 dB.
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Buck-Boost Regulator Example

Figure 16 shows a typical buck-boost regulator. For many applications, the synchronous switch
S2 is replaced by a diode rectifier. The slope-compensating ramp could be either fixed, or
proportional to V. For this example, a fixed ramp is used for Vg opg which is set for Q=2 /n =
0.637. The error amplifier Gy has an open loop gain of 3300 (70 dB) and is modeled with a
single-pole gain-bandwidth of 10 MHz.

5u 10m
A—J °m —1
iy L Rs J_
) 10 Vramp
——\Vin + U1 d AC1O < ——100u
Fm Co
s o v i
+ (o]
Gi R QN +i_:| S2 ;
m
L Vslope 1 Velock — [] Rc
m
Vslope = Vo*Ri*T/L C[DT = 5us -Vo = -5V
3.74k
Vc Rfb2 []
1|0|p Vb
1
6|8|n Chf 8.2k
11 1
Ccomp Rcomp 121k
Gv Rfb1 []
16 + 4
Viim — 1.215
NG — Vref

Figure 16. Peak current-mode buck-boost switching model. The control circuit for this example
is referenced to the negative output. To measure the frequency response, signals must be
differentially sensed with respect to -Vo.

The control-to-output gain is first characterized, and the error amplifier compensation tailored to
produce the highest crossover frequency with a phase margin of 45°. The simplified factored
control-to-output equation is used for the design analysis.
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Figure 17. Buck-boost simplified linear voltage loop model.

Linear Model Coefficients

V, \%
Vap = Vin + Vo D=—2 D'=1-D=—2W™N
Vin +Vo Vin +Vo

Transfer Functions
Control-to-Output (Impedance Form):

A Kn (|_DZ¢ 7,

o _ D’ DI2 -R
v Z K,-R.-H D-Z K, K D-Z
Ve Zo+ L m "R -H(s) (1 oj+ : [1_ L J Zo
D’ D2 R D D'?2.R
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Current-Mode Buck-Boost — Transfer Functions

Simplified Control-to-Output:
A P A T
Vo _ Ry -D' 0y 0y
I+— || 1+ +—
Op 0, Q 2
K
CO 'RO

R.D
W, =
Co-Re¢

R,-D R,-D"? K
490 — 40 ~ oy =
L-D

Where:
1

+_

R; (Km D'

Kp =1+=%
For an ideal current-mode buck-boost with resistive load, Kp = 1 + D. In this case, only the
single-pole characteristic of wp and right-half-plane zero of wg are modeled. This may provide a

good approximation at a lower crossover frequency (< 0.1 - fsw). For accurate results, the

complete expressions should be used.

>

Voltage Loop:

(6}

0 _
=Gy~

O

<>
<>

C

<>

DC Input Impedance:
D!2 .R

DZ

ViN (dc) = —

~

N

Buck-Boost Design Example — Control-to-Output

DC gain terms:
, T
1 T ,
K, = Y =20 K:0.5~Ri~f~D~D =0.0125
(0.5-D)-R;-—+ >t
L V,
Ry,-D Ry-D”? ¢ R, D’
Ky=1+30D Ro D7 f 1 KI_,u Y0 (de)=—9" _10.2=20.2dB
R ]K1 Km D( VC RIOKD
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Figure 18. Buck-boost control-to-output.

Peak CM Buck-Boost Error Amp
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Figure 19. Buck-boost error amplifier.
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Buck-Boost Design Example — Error Amplifier

There is a pole at low frequency. The mid-band gain is set to produce the desired voltage loop
crossover frequency. The error amp zero is generally set about a decade below this frequency.
The high frequency pole attenuates switching noise at the error amp output and is not always
required, depending on the bandwidth of the amplifier.
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Figure 20. Buck-boost voltage loop.

Buck-Boost Design Example — Voltage Loop

The voltage loop plot is simply the sum of the control-to-output and error amplifier plots. For
this example, the crossover frequency is 20 kHz with 48° phase margin. The gain margin at 55
kHz is 10 dB.
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General Gain Parameters

General gain parameters are listed in Table 1. These parameters are independent of topology,
being written in terms of the terminal voltage V,, and duty cycle D. This table has been updated
to show that S, always refers to the inductor current up-slope and Sy always refers to the inductor

current down-slope. See reference [1] for additional operating modes and models.
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Table Notation:

PCM — Peak Current-Mode 1 — Fixed slope compensation using Vs

VCM - Valley Current-Mode 2 — Proportional slope compensation using Kgi.
EPCM — Emulated Peak Current-Mode

Using mode 2, for Q = 0.637 (single cycle damping), K =R; %

Additional Design Points

The examples used here represent results which are possible to achieve given the right selection
of components. For many practical designs, a target phase margin of 60° is considered good
design practice. Even a 3 MHz amplifier in a closed loop system may demonstrate a measurable
phase shift at frequencies below 100 kHz. Combined with delays in the drive and control
circuits, this additional phase shift may limit the available bandwidth. For the continuous
conduction-mode boost and buck-boost, the right-half-plane zero is usually the limiting factor.

Many integrated circuits have internal slope-compensation, which is not available to the user. In
these cases, a careful review of the data sheet parameters may provide enough information to
correctly model Vg ope. The user may find too little or too much slope compensation under
certain operating conditions, limiting the performance of the circuit. A moderate variation in the
slope-compensating ramp is acceptable for the general application. It is better to have too much
slope compensation when it is not needed, rather than too little when it is. The only performance
drawback with too much slope compensation is a lower crossover frequency. For this case, it is
possible to add a phase boost with a lead network around the top feedback divider resistor.

For closed voltage loop measurements, the output ripple voltage may be amplified by the mid-
band gain of the error amplifier, causing an additional ramp component on the control voltage.
This may cause a discrepancy between the calculated and measured modulator gain. When the
error amplifier is properly modeled, SPICE simulations will generally agree with the measured
data.

Switching regulators exhibit a negative input impedance. For current-mode control this negative
input impedance remains flat up until the crossover frequency of the voltage loop. This is useful
when designing an input filter, which can oscillate at resonance if not properly damped. The
criterion for critical damping is:

Ry +ESR Z L
5L [Ri L s Zg = |- fg = 1
2 Zs Z

Cin Z-R-M

Zs 1s the characteristic source impedance and fs is the resonant frequency. Liy and Cyy represent
the input filter values. Ry is the input wiring and inductor resistance. ESR is the series resistance

of the input capacitor. Zjy is the negative input impedance of the converter, which is -Viy / Iy at
de.
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